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PREFACE

The Fngineering Design Handbook Series of the Army Materiel Command
is a coordinated series of handbooks containing basic information and
fundamental data useful in the design and development of Army materiel
and systems. The handbooks are authoritative reference books of practical
information and quantitative facts helpful in the design and development of
Army materiel so that it will meet the tactical and the technical needs of the
Armed Forces.

The purpose of this handbook is to compile meaningful engineering
analysis information pertaining to sabots. Emphasis is on numerical
techniques for practical stress analysis and methods for determining material
strength properties under realistic gun-launch conditions. An exhaustive
abstract and reference bibliography is included as Appendix D.

Acknowledgment is offered for the services of Utah Research and
Development Corporation, to Mr. Dalton Cantey of Lockheed Propulsion
Company, and to Mr. E. L. Bannister, Ballistic Research Laboratories,
Aberdeen Proving Ground, Maryland, for the Sabot Technology Engineering
Handbook, Second Edition, 29 August 1969, which is the document upon
which this handbook is based.

The Engineering Design Handbooks fall into two basic categories, those
approved for release and sale, and those classified for security reasons. The
Army Materiel Command policy is to release these Engineering Design
Handbooks to other DOD activities and their contractors and other
Government agencies in accordance with current Army Regulation 70-31,
dated 9 September 1966. It will be noted that the majority of these
Handbooks can be obtained from the National Technical Information
Service (NTIS). Procedures for acquiring these Handbooks follow:

a. Activities within AMC, DOD agencies, and Government agencies other
than DOD having need for the Handbooks should direct their request on an
official form io:

Commanding Officer

Letterkenny Army Depot

ATTN: AMXLE-ATD
Chainbersburg, Pennsylvania 17201

b. Contractors and universities must forward their requests to:
National Technical Information Service

Department of Commerce
Springfield, Virginia 22151
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(Requests for classified documents must be sent, with appropriate “Need to g
Know” justification, to Letterkenny Army Depot.) 5
Comments and suggestions on this Handbook are welcome and should be -
addressed to: !
¥ !
U.S. Army Materiel Command & |

ATTN: AMCRD-TV
Washington, D. C. 20315
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CHAPTER 1
INTRODUCTION

LIST OF SYMBOLS

= longitudinal ncceleration

= cross-scctional area of gun bore
= diameter of projectile

= diameter of bore

= force

= kinetic energy

= length

= mass

= predicted sabot mass

= sabot mass design objective
= mass of projectile

= pressure of propellant gases acting on
base of sabot projectile

= probability of fuilure
= gtructural reliability
= velocity or muzzle velocity

= weight or weighting factors

= subscripts referring to projectile and
sabot, respectively

11 BACKGROUND

Sabots are used as supports for projectiles
during gun tube travei. When high velocity is
the desired characteristic of the supported
projectile, the lightest weight sabot feasible is
desired. Gencerally, engincering steps taken to
minimize sabot weight increase the stress and
deformation requirements imposed upon the
sabot during its travel through the bore of the
gur. This handbook presents eagincering de-
sign procedures for sabets. It takes into
consideration the conflicting criteria associ-
ated with maximum performance and maxi-
mum reliability.

The steps and decisions which must be
made in the process of producing an engineer-
ing design arc summarized in Fig. 1-1. It will
be noted that the design process contains the
following six different types of activities! "3 *:

(1) To recognize need for the product
(Block 1 in Fig. 1-1)

(2) To cstablish criteria for evaluating al-
ternatives (Blocks 2 and 3)

(3) To generate one or more tentutive
designs or prototypes (Blocks 4 and 9)

(4) To analyze each alternative (Blocks 5,
7,and 10)

*Referenors are located at the end of each chapter
unless specific reference s made to the abstract
bibliogrephy of Appendix D.

1-1
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RECOGNIZE NKKD

a.
ESTABLISH CRITERIA
FOR EVALUATING
ALTERNATE DEMONS
N = |
ESTABLISH REQUIREMENTS
FOR SULSYSTEMS
AND COMPONENTS
. (]
GENERATE i
pencucmeding PREDICT PLREFOMMANCE
svstgy CONFIGURATION, . OF COMPONENTS
SELECT MATERIALS, AND ON LURLYSTEMS
AND ESTAHLISH
DIMENSIONS —
e S
L )
s
A, [OMPONENT
:201;;comwoq::: AND OR 4L BIYSTEM
DGN.SU.SYS E PEREC M AN E
DESIGNS ALEQUATE
?
PREDICT §Y,TEW
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[T} 8

MODIFY SYSTEM
CESIGN. | £, SUBSYSTEM

AND COMPONENT
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9.
. FABRICATE
PROTQTYPE
10
TEST
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s
SYSTEM
PERFORMANCE
ATEQuaTE®

DESIGN COMPLETE

Figure 1-1, The Design Process




{5) To compare alternatives with previ-
ously established criteria or require-
ments (Step 2) and, if necessary, modi-
fy the design and repeat the preceding
step (Blocks 6, 6A, 8, 8A, 11, and
11A). This is the optimization phase of
the design process

6) To implement the best alternative
(Block 12).

Assume that the need for a sabot has been
established; the next step in its design (Block
3) is establishment of the sabot design cri-
teria. A sabot is a component of a weapon
system designed for an ultimate goal to
deliver a specified projectile to a target at a
prescribed range and terminal velocity. The
projectile should have an acceptable impact
velocity and should reach the target within an
acceptable dispersion. Qualitatively the sabot
must accomplish the following:

(1) Position and structurally support the
projectile during its launch

(2) Seal or obturate the powder gases
within the launch tube

(3) Minimize balloting of the projectile,
i.e., undesired lateral or yawing motion
produced by bore and/or projectile
asymmetries, variations in bore fric-
tion, and powder burning phenomena

(4) Impart rotation to spin-stabilized pro-
jectiles

(5) After discharge from the launch tube,
separate from projectile without dis-
turbing the flight of the projectile and
without creating a hazard to personnel
in the immediate area.

The quantitative requirements for a specific
sabot application can be established from a
knowledge of weapon system performance
goals,* using the techniques of external®™

and terminal ballistics.!®™*2 The loads im--

posed upon the sabot can be predicted using

AMCP 706-445

the analytical methods of interior ballis-
tics.! 2718 The output from this stage of the
sabot design process (Block 3) should be (1) a
definition of the projectile, i.e., mass, dia-
meter, length, and other dimensional consid-
erations; (2) gun configuration and perfor-
mance requirements, i.e., bore diameter, muz-
zle velocity, etc.; (3) the sabot load environ-
ment, i.e., base pressure, acceleration, bore
friction, etc.; and (4) permissible :.1omalies in
launch conditions, primarily maximum allow-
able lateral displacement, lateral velocity, yaw
angle, and yaw rate.

Having at least tentatively established the
design criteria, the next step (Block 4) is to
select a basic sapot configuration, materials,
dimensions, and manufacturing processes con-
sidered capable of satisfying the design cri-
teria. This step normally is performed in one
or a combination of three different ap-
proaches to design — intuitively, empirically,
or rationally?. The intuitive approach defies
description because it depends upon the
designer’s “feel” for the problem and his
individual creativity. The empirical approach
is the scaling to new requirements of proved
designs and experimental results. The rational
approach to design is the systematic applica-

.tion of established scientific laws, principles,

and rules of logic to a properly defined
problem. If it werc possible to establish a
general design; analvze it for all combinations
of conditions; and produce a closed-form
solution that could be solved for the various
dimensions of the design in terms of material
properties, performance requirements, loading
conditions, etc.; complete rational design
could be performed. Furthermore, there
would be no need for succeeding steps
(Blocks 5, 6, and 6A). In practice this is rarely
possible, however, and the rational approach
to design normally consists of establishing
critical design parameters using complete solu-
tions of idealized problems with limited but,
hopefully, the significant loading or perfor-
mance condition. Despite its shortcomings,
the rational design approach permits the

_designer to establish without bias the “base”

design required as an input to the subsequent
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prediction, evaluation, and optimization
phases. The rational approach may be thought
of as providing precise solutions to approxi-
mate problems. Solutions of this type appro-
priate (0 sabot design are presented in a
subsequent chapter of this handbook.

The ‘“‘base” design established in Block 4 is
a necessary input to the analysis or prediction
stage of the design process (Biock §5). This
step consists of taking the specific design
configuration, dimensions, detailed material
properties, loading conditions, etc., and pre-
dicting the system’s behavior. For example, in
the case of a structural design problem, one
would predict the stresses and strains induced
in the body by the mechanical and thermal
loads imposed upon it. Electronic computers
have been a particularly useful asset in this
phase of design. Their widespread availability
and ability to perform computations at high
speed makes it possible to achieve approxi-
mate solutions to “exact” problems which are
more accurate than the exact solutions to
“exact” problems which are more accurate
than the exact solutions of approximate
problems referred to above.!”> 1?5 2! Digital
computer algorithms could be used for hand
calculations but they are so lengthy that
manual solution is neither economically feas-
ible nor reliable, and would take too long to
provide answers for design decisions on a
timely basis.

The next step (Block 6) in the design
process is to compare the predicted perfor-
mance to the desired performance, i.e., the
design criteria. In the traditional “go — no
g0” concept of structural design, the predic-
ted stresses and/or strains are compared to the
stresses and/or strains that the material is
capable of withstanding to determine if a
desired safety factor is achieved. If the desired
safety factor is not achieved, design changes
are made (Block 6A); whereas if an adequate
safety factor is obtained, the design progresses
to the system periormnance evaluation phase
(Block 7).

Alternately, statistical techniques can be
employed to combine the uncertainties in the

predicted stresses or strains with the random
variations in the ultimate properties of the
material to establish the probability of failare
or the structural reliability. To employ this
latter technique, a design criterion or figure of
merit that uses both the structural reliability
and an appropriate performance parameter
should be used. For example, one might
maximize the figure of merit formed by a
linear combination of the structural reliability
and the ratio of the desired sabot mass to the
predicted sabot mass, each multiplied by a
weightiang fector, i.e.,

Figure of Merit=Fof M =W, R, + W, (”%)

(-

where
R, = 1 - Py=structural reliability
Py = probability of failure
m, = predicted sabot mass

m, = desired sabot mass (design objec-
tive)

W,, W; = subjectively established weighting
factors designed to give more or
less emphasis on either the struc-
tural reliability or the sabot mass.

Optimization techniques can then be e:in-
ployed (Block 6A) to determine and imple-
ment those changes that improve the figure of
merit. This technique is repeated until the
figure of merit reaches an extreme value.
Observe that the figure of merit is used for
comparison purposes only and does not neces-
sarily have a physical significance.

To avoid the problem of suboptimization,
i.e., achieving an “optimum” component de-
sign that does not result in optimum system
performance, it is important that the design
procedure include prediction (Block 7), evalu-
ation (Block 8), and optimization phases
(Block 9) for the entire system. In the sabot
design problem, the cystem evaluation phase
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would consist of predicting th¢f time-depend-
ent motion, velocity, acce&i{ ion, chamber
pressure, etc., for a given projectile-sabot
design, charge configuration, gun barrel
length, etc.!371 7> !9 The figure of merit for
system optimization must employ a system
performance parameter such as muzzle velo-
city. In an expanded performance evaluation
p-ogram, the figure of merit wouid be ex-
randed to include obturation and/or seal
dynamics considerations.

Once the optimal, or at least an acceptable,
design has been achieved analytically, it gener-
ally becomes necessary to demonstrate the
capability of the design. For this purpose, one
or more prototypes are manufactured, tested,
and the results are evaluated. The purpose of
this phase of the design is to (1) verify the
analysis, (2) determine the effect of phenom-
ena not included in the analytical design, and
(3) confirm that the design meets the design
objectives. The similarity between the analyti-
cal and prototype sequences will be noted.
Instead of developing an analytical model, a
prototype is fabricated (Block 9). Instead of
predicting the response of the component or
system, the response is measured (Block 10).
The evaluation and optimization phases also
are similar to the analytical cycle. The pri-

; mary difference is that measured data are

used in lieu of theoretical predictions. Suc-
cessful completion of all performance and
qualification tests resulted in a completed

design.

This handbook is organized in accordance
with the previous discussion. Sabot design
considerations covered include (1) structural
considerations, (2) obturation, and (3) seal
dynamics. Elementary, closed-form equations
for preliminary design of sabots are presented
as well as sophisticated computer programs
for detailed analysis. More material is in-
cluded under structural design considerations
(Chapter 3) than for either obturation or seal
dynamics. This is due to the fact that struc-
tural design is further advanced than either
obturator design or the evaluation of d<z:z:aic
phenomena excited during launch. This

AMCP

should not be construed to mean that struc-
tural considerations are more important. It
merely points out the need for additional
work in the latter areas.

Chapter 2 is a preliminary chapter because
it establishes the basic types of sabots, their
classification, and the nomenclature us~d in
this handbook. References are listed at the
end of each chapter and a comprehensive
bibliography is included as Appendix D.

The remainder of Chapter 1 is devoted to
generalized background information pertinent
to guns and sabots.

s
’
’

1-2 SABOTS
'/
1-2.1 DEFINITION

The term *“‘sabot” in this handbook is a
derivative of a term referring to a wooden
shoe. A military use of sabot is inherited from
its description as *a piece of soft metal
formerly attached to a projectile, to take the
grooves of the rifling”. In modern terms, a
sabot is a device conforming on one surface to
a gun bore and on the other surface to a
projectile. It carries the projectile down the
gun bore, under action of propellant gases.
Nearly all sabots separate from the projectile
after ¢xit from the gun, leaving the projectile
to tly to its target unaccompanied. In addi-
tion to being a projectile carrier, a sabot also
may be designed to reinforce structurally or
to protect the projectile under the high
pressure, temperature, and &cceleration en-
vironment in the gun bore. To satisfy its mair
function as a projectile carrier, the sabot not
only must remain intact during bore travel,
but also must serve as a gas seal. Even minute
leakage of gun gas around or through a sabot
structure is inimical because of the intense
erosive power of the gas flow.

Generally, a sabot projectile is subcaliber
with respect to the gun, i.e., a projectile with
a diameter less than the bore diameter of the
launch tube, and which uses the sabot as an
adapter or carrier to support it during launch.
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Because the sabot usually is separated or
discarded from the projectile after it emerges
from the launch tube, it also is referred to as
“a discarding sabot projectile”. When the
basic objective to be achieved is the highest
possible muzzle velocity (or projectile acceler-
ation) for a given projectile weight, a perfor-
mance improvement will be achieved only if
the average cross-sectional density of the
sabot is less than that for the projectile alone.
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1-2.2 CLASSIFICATION

Sabot projectile applications can be
_ grouped into two categories based upon the
| configuration and, function of the projectile.
il : The first group is characterized by high
j density, high ballistic coefficient projectiles
1 designed for maximum impact kinetic energy,
and terminal ballistic effects. Of outstanding
importance in this group are kinetic energy
penetrator rounds designed for defeat of
medium and heavy armor. Literature review
and initial analysis indicate that these configu-
Y rations have been developed to a relatively
- high degree of sophistication on the basis of
qualitative design procedures and an extensive
background of experimental evaluation test-
ing. Within this, group, there are basically
three different types of sabot projectiles: (1)
spin-stabilized projectile with.a cup sabot, (2)
aerodynamically stabiazed® projectile with a
cup sabot, and (3) aerodynamically stabi-
lized* projectile with ring sabot. Typical
designs for these three types are depicted in
Figs. 1-2 through 1-4.
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A second group of sabot projectiles is
characterized by medium- and low-density
projectiles that may be gun-lwunched fer
many uses. Applications for s group in-
clude aeroballistic testing of a wide variety of
aerodynamic models using light gas-gun tech-
niques, weapon systems employing high ex-
plosive and shaped charge warhead configura-
tion, gun-boosted rockets, and a variety of
tactical and research projectiles including
flares, chaff, probes, electronic packages, and

*Fins or flared aft sections,
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liquid payloads. Typical sabot designs of the
second group are shown in Fig. 1-5. Research
studies show that fluid sabot buoyancy sup-
port techniques can provide significant struc-
tura! design advantages for relatively low-den-
sity gun-launched structures. Projectile sup-
port during launch acceleration provided by
the buoyanzy and pressure distribution effect
of the fluid can result in significant reductions
in strength and weight requirements. Such
projectiles, without fluid support, would be
exposed to destructive acceleration loads dur-
ing gun launch. Functional and design limita-
tions imposed on buoyancy-supported projec-
tiles are controlled primarily by configura-
tional requirements, density, fluid compress-
ibility, and hydrodynamic effects.

1-2.3 ACTION INSIDE THE GUN TUBE

Consider the simple sabot-projectile system
shown in Fig. 1-6 as the system is acted upon
by the propellant gas pressure P,, accelerating
the system to the right (as shown in the
figure). The accelerating force Fis given by

Dl
F=P Ay =P, (”4 ) (1-2)

where P, is the pressure* acting upon the shot
base area Ag = wD?%/4, Ap also equals the
bore cross-sectional area. This force causes an
acceleration a of the shot

P, Ag aD? P,
(mp, + m,) 4(m, +my)

(1-3)

where m, is the mass of the projectile and m,
is the mass of the sabot. :

The acceleration gives rise to coupling
stresses at the contact interfaces as indicated
by the arrows in Fig. 1-6(B). The coupling
stresses as indicated, oversimplified by com-
parison to reality, are a mixture of shears and
normal stresses generated by force F and the
differential inertial resistance to motion of

*The “back pressure” at the forward end of the
projectile (usually atmospheric condition) is neg-
lected in comparison to the higher magnitude of P,
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Figure 1-2. Example of Group 1, Type 1 Sabots
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the projectile and sabot, as well as by the
confinemunt of the barrel. The result of the
action is to cause frictional shear gripping of
the cylindrical surface of the projcctile by the
sabot and a push normal to its back (left) end.
Thus, the acceleration force F is transmitted
from the sabot through the interfaces as
indicated to cause its acceleration along with
the sabot. This scheme is operative until an
allowable stress or deformation is exceeded in
the material of the sabot or the projectile,
causing failure of the parts. The objective ~f
structural analysis of sabots is to deduce,
formally, how the load F is distributed
through the sabot and projectile, particularly
near the contact surfaces between which
failure is likely to be initiated. The stress
analysis prediction then can be compared to
the strengths of the materials and the design
evaluated. Alternatively, the capability for
adequate stress and strength analysis is syn-
onymous with the capability Yor design
optimization because the stress-strength anal-
ysis capability permits permuting design de-
tails to arrive at design optina.

The design depicted schematically in Fig.
1-6, while simple, is representative of ap-
proaches to many sabot applications. The
complications arising in the details of an
analysis by geometric variations in the sabot

in no way alter the generic approach illus-
trated.

1:2.4 AISTORY OF SABOT USE

Sabot is the Franch word for wooden shoes
worn by peasants in France, Belgium, and
neighboring countries. Recently, however, the
word has been applied to the “‘shoe” carrier
used to launch various aerodynamic shapes
and subcaliber projectiles, at hypervelocity
speeds.

The Canadians were among the first to
apply the potertialities of sabot-launched
projectiles. The success they achieved by
1949 in the development of an APDS (armor-
piercing, discarding-sabot) shot for a 20-b
cannon encoursged the United States to

launch into the development of a 76 mm
HVAPDS (hypervelocity, armor-piercing, dis-
carding-sabot) shot in zompetition with the
T66 rigid shot previously under development.
The experimental version of this 76 mm
dAVAPDS shot was designated tha T145. It
subsequently was redesignated as the M331
when accepted for use by the U.S. Army.

Until 1953, sabots were made of metal,
primarily aluminum and magnesium alloys
because of their high strength-to-weight
ratios. Sabot discard was achieved by design-
ing the subot so that when it was in the
launch tube the centrifugal forces associated
with spinning the sabot and projectile would
expand the sabot out against the launch tube
but would not fracture it. When the sabot and
projectile emerged from the launch tube,
removal of the radial restraint caused the
sabot to disintegrate under the centrifugal
loading.

In 1953, the advantages of plastic sabots
were recognized and the development of a
plastic version of the T145 sabot projectile,
designated T89, was begun. This sabot projec-
tile was highly successful and later became
part of the M88 cartridge. Advantages of
plastic sabots?? include:

(1) Their strength is adequate for many
applications.

(2) They cost less because they are easier
to manufacture.

(3) They do not require critical materials.

(4) They do not create as much wear on
the launch tube.

(5) They brcak into less lethal pieces.

The first plastic sabots were made of
glass-fiber filled diallylphthalate sheathed in
nylon and they included metal reinforcements
whenever it was felt necessary to redistribute
the stresses. The nylon sheath was necessi-
tated by the abrasive nature of glass-filled
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materials. Nylon also is used for rotating
ban: on projectiles and on metal sabots.
Other plastics used for the strustural portions
of sabots include polypropylenes, polycarbon-
ates, celluloses, epoxies, and phenolics. Poly-
ethylene, ncoprene, and silicone rubbers are
used for seals and obturators.

The United States began development of a
series of high L/D (length-to-diameter) fin-
stabilized, high-density, kinetic-energy pene-
trators in 1951. This type projectile some-
times is called an “‘arrow" projectile and is
typified by the T320 and T208 shot se-
ries.2*:23 Because of the high L/D ratio, the
traditional cup or push sabot was inadequate
and ring or push-pull sabots were developed.
This type of sabot wraps around the central
or forward section of the projectile, and
partially pulls, partially pushes the projectile
through the launch tube. To transfer accelera-
tion forces from the sabot to the projectile, a
series of butiress-shaped, annular grooves are
made on both the projectile body and mating
sabot surface. These grooves interlock when
the sabot and projectile are assembled. Be-
cause this type of projectile usually is fired
fromn smoothbore guns*, centrifugal forces
cannot be relied upon for separation. Ring
sabots, therefore, are usually made in several
segments and incorporate air scoops or bevels
on the forward end of each segment so that
aerodynamic forces and stored strain energy
tend to peel or petal the sabot segments away
from the projectile.

The aft end of both ring and cup sabots
also are scooped out, permitting the high gas
pressures generated by the burning powder to
assist in sealing against gas leakage.

It also should be observed that the annular
grooves on the projectile body increase its
drag coefficient and, therefore, are objection-

*Rifled barrels have been used but it is anticipated
that there is sufficient slippage between the sabot
and the projectile that the latter will not develop

significant spin.
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able. Aircraft Armaments, Inc. (AAI) has
developed a friction-type, ring sabot and
demonstrated its use in doth small (cal .22)
and lazge (152 mm) caliber weapons.?®+?7

Two serious disadvantages exist with the
finstabilized, “arrow” projectile and ring

.sabot combination: (1) both the launch tube-

sabot and the sabot-projectile interfaces must
be secaled against gas leakage and the destruc-
tive erosion associated with gas leakage, and
(2) the fins of the projectile are exposed to
high temperature gases during both the launch
and flight portions of operation. The latter
results in extreme fin ablation which is
extremely undesirable. To overcome these
difficulties, a series of delta-finned projectiles
was developed that can be launched from a
modified cup sabot.?® The modified cup
sabot consists of a base plate upon which the
weight of the projectile rests aad four to six
circumferentially spaced radial supports to
position the projectile in the launch tube.

The possibility of employing gun-launched
rockets and space vehicles as a means of
obtaining improved performance at reduced
cost has not gone unnoticed. The SPRINT
high-speed intercepter missile is a typical
example of a high-performance ejection-
launched rocket. It uses a modified cup sabot.
Studies also indicate the feasibility of launch-
ing space vehiclss 14 ft in diameter using a
mass-restrained atomic-powered ce' non.?°®

In 1964, in connection with Project HARP
(Joint United States-Canadian High Altitude
Research Program), interest was expressed in
launches of high-performance rockets from
guns of up to 16-in. in bore diameter®®™3 %, In
a typical high-performance rocket motor,
axia! acceleratians of order only 10 or 10? g
can be tolerated before axial buckling causes
catastrophic failure. In 1964, Lockheed Pro-
pulsion Company and Ballistic Research Lab-
oratories (BRL) cooperated to demonstrate
survivability of high-performance rocket vehi-
cles at ~ 10* gravities acceleration in 3- to
S-in. bore sizes. The support technique used

1-13
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has been termed “fluid buoyancy support’*
and consists, in essence, of neutral flotation
of the structure in a gun tube, from which the
rocket-containing fluid slug is expelled as a
unitd 73%,

A summary of sabots, sabot-projectiles, and
their characteristics is included in Appendix
A,

13 GUNS

1:3.1 DEFINITION

The term ‘‘gun” in this handbook, unless
otherwise indicated, may be taken in its
general sense — i.e., a projectile-throwing de-
vice consisting essentially of a projectile-guid-
ing tube, with connected reaction chamber in
which the chemical energy of a propellant is
rapidly converted into heat and the hot gases
produced expand to cxpel the projectile at ¢
high velocity.

1-3.2 CLASSIFICATION

For convenience of discussion, guns are
classified according to their salient features,
functions, modes of operation, etc.*® The
boundaries of these classifications are not
always clearly defined, and the classifications
and nomenclature are often traditional. The
classifications are useful, however, and are in
common use. The principal one is based
roughly on size and portability and classifies
“gun’ as small arms and artillery. Small arms
are in general less than 30 mm in caliber.
Artillery consists of the larger weapons usu-
ally mounted on carriages and moved by
other than human power. Small arms are
more variable in design and function. They
include such weapons as rifles, machine guns,
pistols, etc. Artillery weapons inciude guns
(specific), howitzers, and mortars. Guns (spe-
cific) include those firing dsually at lower
elevation and higher velocity. Howitzers in-
clude those generally operating in a lower
velocity range. The latter can be fired at high
angles and use zoned charges, i.e., charges

1-14

*Patent Numbers 3,369,455 and 3,369,485

loaded in separate increments and ones that
can be varied within limits by the gunner.
Mortars operate at high angles similar to
howitzers. Mortars possess lower velocities
and generally are loaded from the muzzle.
They are not complex in design and may be
taken apart and transported by foot soldiers.

Pistols, mortars, howitzers, and guns that
produce medium or low velocities under
ordinary circumstances are not ordinarily
considered for use as projectors for high-veloc-
ity sabo! projectiles. When sabot-support of
subcaliber projectiles for attainment of muz-
zle velocities in excess of 4,000 fps is a design
objective, the guns most suitable for use as
launchers are typically long in caliber length
und/or designed for high pressure operation(~
75,000 psi).

1-3.3 ACTION INSIDE THE GUN

Essentially, a gun is a heat engine. Its
action resembles the power stroke of an
automobile engine with the expansion of hot
gases driving the projectile instead of a piston
(Fig. 1-7). When the charge is ignited, gases
are evolved from the surface of each propel-
lant grain, and the pressure in the chamber
increases rapidly. Resistance to initial motion
of the projectile is great, and relatively high
chamber pressures are attained before much
motion of the projectile takes place. The
chamber volume is increased by the move-
ment of the projectile. This has the effect of
decreasing the pressure. However, the rate of
burning of the charge increases. The effect is a
rapid increase in the propellant pressure until
the point of maximum pressure is reached.
This occurs at & relatively short distance from
the origin of rifling. Beyond that point,
pressure drops and, at the muzzle, reaches a
value considerably less than maximum pres-
sure, probably on the order of 10 to 30
percen¢ thereof, depending upon the weapon
design and the propellant. This muzzle pres-
sure continues to act on the projectile for a
short distance beyond the muzzle. Thus, the
projectile continues to accelerate beyond the
muzzle.
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1-3.4 PRESSURE-TRAVEL CURVES

In order for the projectile to acquire the
designuted muzzle velocity, and that the
presurs developed to accomplish this not
damage the weapon, all tubes are designed in
accordance with a desirable pressure-travel
curve for the proposed weapon*! .

The pressure-travel curves (Fig. 1-8) indi-
cate the pressure (or force if pressure is
multiplied by the cross-sectional area of the
bore) existing at the base of the projectile at
any point of its motion. Hence, the area
under any of the curves represents the work
accomplished on the projectile per unit cross-
sectional area, by the expanding gases.

If the areas under Curves A and B are
equal, then the work performed in cach of
these cases will be equal, and the muzzle
velocities produced by each of these propel-
lants will be the same, since

WORK = KE = mv?/2 (1-4)

The fact that Curve A exceeds the permis-
sible pressure curve cannot be tolerated.

Should it be desired to increase the muzzle
velocity of a projectile, the work performed,
or the area under some new curve, must be
greater than the area under a curve giving a
lower muzzle velocity. Such an increase in
velocity is indicated by Curve C whose maxi-
mum pressure is equal to that of Curve B, but
whose area is greater than that undor Curve B.
It appears that the ideal pressure-travel curve
would be one coinciding with the curve of
permissible pressure. However, if it were
possible to design a propellant capable of
producing such a result, many objectionable
occurrences would take place. In addition to
producing excessive erosion (a factor which
would materially decrease the accuracy life of
the gun), brilliant flashes and nonuniform
velocities because of high muzzle pressure
would result. Moreover, the chamber would
have to be materially increased and this would
affect the weight, and hence the mobility, of

the gun. As a result, the velocity prescrided
for a perticular gun slways is somewhat below
the maximum posible to obtain. The propel-
lunt grain most suitable for producing this
result is one giving the prescribed velocity
uniformly from round to round without
oxceeding the permissible pressurc at any
point in the bore.

For these, among other reasons, it is
desirable to obtain high projectile velocities
by sabotsupport of a projectile light in
weight as opposed to construction of a heavy,
uneconomical gun capable of firing the unsup-
ported projectile without a sabot.
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CHAPTER 2
SABOT SYSTEM ANALYSIS

PPUTIREES = & %) 2 Sy .
L e, At

2-0 LIST OF SYMBOLS

¢ = a pressure function of % -
B = bulk compressibility Subscripts: E
d = projectile diameter B = bore ; ¥
D = gun bore diameter ¢ = chamber
d = projectile diameter f = fluid
. = gravitational
F = force £
. G = grain §
g = acceleration i
_ ) .
k = gun tube length in bore diameters © = nominal
L = length p = projectile or propellant
m = mass : s = sabot
p = hydrostatic pressure t = total :
P = pressure Bar (—.) over symbol indicates vector or tensor
quantity
s = surface area element
2-1 GEOMETRIC CLASSIFICATION OF
§ = stress tensor SABOTS
t = time For current purposes, the various sabot
‘ designs are divided into two main classes: (1)
¥ = volume or acceleration potential the cup type (Fig. 2-1), including both the
spin-stabilized and nonspin-stabilized projec-
v = velocity tiles, and (2) the ring type (Fig. 2-2). Al-
though 12 variat.ons of the basic cup design
x = distance and seven modifications of the basic ring
design are identified and shown in the accom-
p = density panying figures, the simple dual geometric
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Figure 2-1. Basic Cup Design

SABOT

PROJECTILE
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Figure 2-2. Basic Ring Design

classification with generic modifications has
been adopted as a basis for the ensuing
discussion.

2-1.1 GENERIC TYVES OF CUP SABOTS

The basic cup sabot and generic modifica-
tions are illustrated in Figs. 2-3 through 2-15.
The simplest modifications of the basic cup
include the addition of a rotating band to
impart spin to the projectile; the addition of a
separate obturator; and the additions of
bevels, slots, and undercuts to reduce weight
and/or improve discard characteristics. The
designs illustrated in Figs. 2-11 and 2-12
incorporate truncated cones of a high shear
strength material to adapt the cup design
which is primarily suited to low L/D projec-

tiles of almost full caliber diameter to high
L/D projectiles of relatively small diameter. A
thin layer of plastic sometimes is used to
mitigate the dynamic forces imposed on the
p-ojectile. The designs shown in Figs. 2-14
and 2-15 are unique because they are used to
launch fragile objects. The design in Fig. 2-14
utilizes a rigid, internal sting to redistribute
launch loads to less critical sections of the
object being launched!* while the design
shown in Fig. 2-15 uses a fluid to accomplish
the same task. The patented design shown in
Fig. 2-15 also is unique because it is primarily
used to launch full-caliber projectiles. The

*References are jocated at the end of each chapter.
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LAUNCH TUBE OR GUN
e ‘ SABOT BARREL
y 5 PROJECTIL d
". : -*-{
; ¥ L__ — : |
P o——Lp —= ;o
b Figure 2-3. Bssic Cup Design 3
; 3 ' :
b iR i !
LE {
PR ROTATING BAND .
. . ENGAGES RIFLINGS T
Lok OF BARREL ,
o :
ph
v
:
;
. ECCENTRICALLY LOCATED PIN
FOR TRANSFERRING SPIN LOADS 3
TO PROJECTILE 3___{
Figure 24. Cup With Rotating Band (imparts spin to projectile) ‘

OBTURATOR

Figure 2-5. Cup With Obturator (seesls launch tube)

Figure 2-6. Cup With Forward Beve! (augments serodynamic separation
of sabot and projectile)
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Figure 2-7. Cup With Internal Teper (thrust and spin transmitted to

the projectile through the tapered surface)
Figure 2-8. Cup With External Undercut (weight reduction)
1
- L -

Figure 2-10. Cup With Rider

METAL BASE PLATE

Figure 2-11. Cup With Base Plate (bearing surface multiplier)




BASE PLATE

PLASTIC DISC
Figure 2-12. Cup With Base Plate and Shock Absorber (for highly brittle projectiles)

FRACTURABL.E
PLASTIC DISC

Figure 2-13. Cup With Shear Plate Resiraint

SUPPORT STING .
7
- - — g .

ure 2-14. Cup With Support Sting (for thin-walled models)

ROCKE. MOTOR PAYLOAD

FLUID

Figure 2-15. Cup With Fluid Support (for fragile projectites such as rocket-assisted
projectiles) (Patent Numbers 3,969,455 and 3,369,485)
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objective of this sabot is to reduce (he launch
weight of the projectile instead of increasing
the muzzle velocity.

2-1.2 GENERIC TYPES OF RING SABOTS

The basic configuration for the ring sabot
and its generic variations is shown in Figs.
2-16 through 2-23. The simple modifications
of adding obturators, bevels, slots, etc., to
improve sealing characteristics and reduce
sabot weight are illustrated. Figs. 2-22 and
2-23 incorporate the high shear-strength
characteristics of a metal with the low density
properties of plastics to achieve higher perfor-
mance.

SABOT\

2-2 SABOT DESIGN CONSTRAINTS

The fundamental objective of a lurge class
of sabot-projectiles is to achieve higher projec-
tile muzzle velocity from guns which operate
at some nominal efficiency level. The general
design problem can be viewed from two
alternate positions. Given a specific projectile
of mass m, and diameter d which achieves a
muzzle velocity v, from a nominal gun of
diameter d, it is desired to attain a higher
muzzle velocity v, by using a larger gun
(diameter D) and a sabot to fit the given
projectile into the larger diameter tube. The
problem is to determine the gun size and
sabot configuration capable of achieving the

PROJECTILE CG

/ .
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Figure 2-16. Bssic Ring Design

-
~ PROJECTILFE
__i'
-t p—

Figure 2-18. Ring With Forward Bevel (sugments serodynamic separation of
sabot and projectile)
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Figure 2-19. Ring With Unsupported Forward Undercut (aero-sugmented
separation and weight savings)

SEGMENTED TO
FACILITATE SEPARATION

-

Figure 2:20. Ring With Longitudinally-supported Forward Undercut

e
O

Figure 2.21. Ring With Circumferentially-supported Forward Undercut

METAL

- - - ———

PLASTIC

Figure 2-22. Two-piece Ring

:

PLASTIC METAL

Figure 2-23. Two-piece Self-sealing Ring
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desired peiformance. Alternatively, the de-
signer may be given a specific gun of diameter
D, capable of launching a nominal mass m, at
an initial velocity v,, and be required to
determine the reduced piojectile mass m, and
sabot configuration which will permit attain-
ment of the desired higher velocity v,. The
purpose of this paragraph is to illustrate the
general constraints imposed upon the subot
design by these system performance require-
ments,

Consider first the problem of velocity
increase for a given projectile mass by gun size
increase and the use of a sabot. Neglecting
bore friction and gas compression ahead of
the projectile, the only force acting on the
sabot prajectile is the propellant gas pressure
assumed to be uniformly distributed over the
shot base. The kinetic energy delivered to the
projectile of mass mj, by expansion of gas in
the gun of diameter d is given by

kd 9
" ] 2-DH
Id’j; pdx =5 mp vi

where k is the length of the launch tube in
bore diameter or caliber lengths, v, is the
muzzle velocity, and

kd
f pdx
0

is the integral of the shot base-pressure travel
curvgsfor the gun. The velocity v achicved by
the same projectile mass m, when fired from
a gun of diameter D with the same caliber
iength k peak pressure, and piczometric effi-

ciency is given by

N kD 1 2
3D’ A pdx = i(mp +m,)v;

where m, is the mass of the sabot required to
support and transmit the additional kinetic
energy to the projectile.

For equivalent peak pressure and piezo-
metric efficiency -- i.e., ratio of peak to average
pressute, in the gun system - the integrals in
Eqs. 2-1 and 2-2 are proportional to the bore
diameters, d and D, respectively. Using this
result, dividing Eq. 2-2 by Eq. 2-1 and
rearranging, yields an expression for the sabot
mass m, and gun size D required to achieve
the desired velocity v, as follows:

m, 1 (2-3)

From the alternate point of view, in which
the gun size is fixed and the projectile is
reduced in size with a sabot to achieve higher
velocity, an equivalent result can be obtained
as follows: The kinetic energy delivered to a
nominal projectile mass m,, by the gun of

- diameter D and caliber length & ds given by

L kD (2-4)
;{D’f pdx -—;-m,,v}
0

For constant ¢nergy delivered by the gun, an
increased muzzle veloecity »#; can be achicved
by reducing the sum of the projectile and
sahot mass as given by Eq. 2-2. Combining
Egs. 2-2 and 2-4 results in

m, 2
™, 2-5
vy my (2-3)
— _—
WV m
! (—‘) +1 .
m, \

Assuming constant projectile shape and den-
sity (as its mass is reduced to achieve "the
velocity increase) results in the following
proportionality:

m.@y
my, d

(2-6)

Substituting this result into Eq. 2-5 and
rearranging yields the result previously ob-
tained into Eq. 2-3.

o 2%




It may be observed that Eq. 2-3 involves
three 'dimensionless ratios. This permits the
ratio of the sabot mass to the projectile mass
to be plotted as a function of the ratio of the
projectile diameter to the bore diameter, with
the ideal velocity increment

-A—! . Nl |
4! 4!

as a parameter (Fig. 2-24). Lines of equal
velocity-increase for the ideal gun performance
ussumed are shown in the flgure. One must
remain on the left side of the zero velocity
increment curve if there is to be any increase
in the muzzle velocity due to the use of a
sabot unless the gun is operated at an in-
creased peak pressure or piezometric effi-
ciency.

In general, choice of the gun system pcrfor-
mance level is dictated by such other system
constraints as tube material strength, erosion
resistance requirements, system weight and
length limits, interior ballistic effects, muzzle
blast, and flash limitation requirements, etc.,
which will not be considered here. One
important effect not included in the simple
analysis discussed here is the decrease in
piezometric efficiency that results as muzzle
velocities are increased. This performance
degradation is caused by the work necessary
to accelerate the propellant gases themselves
to high velocity. In the limit as shot weight
approaches zero, the shot velocity approaches
a fixed upper limit determined by the expan-
sion properties of the gun propellant combus-
tion products. Light gas guns are able to
exceed the velocity limit imposed on powder
gas guns by the use of low molecular weight
gases in the expansion process.

The shaded area of Fig. 2-24 shows the
region occupied by existing sabot-projectile
designs as listed in Appendix A. Observe that
this region was determined by plotting the
sabot-projectile mass ratio versus the projec-
tile-gun bore diameter ratio for representative
designs. In general, the large ideal velocity
increment increases indicated by the theoreti-

AMCP 700448

cal calculations for the designs located at the
left side of the shaded region (low projectile-
to-bore diameter ratios) are not achieved for
two reasons. First, the analysis resulting in
Eq. 2-3 implicitly assumes constant projectile
shape and composite density as the gun size is
increased or the projectile size is decreased to
achieve higher velocities. This assumption
becomes increasingly poor as the projectile-to-
bore diameter ratio decreases. In general, the
projectile length-to-diameter ratio and com-
posite density tends to increase because of
acrodynamic flight stabilization and terminal
ballistic requirements. Thus, the left part of
the shaded region should be shifted to the
right relative to tie lines of constant velocity
increase, Second, the gun efficiency problem
at high velocity previously described causes
severe degradation in velocity performance
for the very light shotweight designs.

Another instructive way to consider the
performance limits and capabilities of sabot-
projectile designs is illustrated in Fig. 2-25,
which shows the sabot-to-projectile mass ratio
m,/m, plotted versus the projectile-to-
nominal shot mass ratio m,/m, of Eq. 2-5.
Plotted in this fashion, the effects of projec-
tile shape and density are excluded from the
analysis and the actual achieved velocity
increases are closer to ideal values. Choice of
the nominal projectile mass m, is arbitrary
and is associated with the efficiency level
assumed for the gun systems. The existing
sabot-projectile design data shown in Fig.
2-25 were obtained from the performance
summary data of Appendix A, assuming m,
equal to 96 Ib for a 155 mm gun (an artillery
weapon). Values of m, for other gun sizes
were obtained by scaling 96 Ib as the cube of
the gun bore diameter which approximates
equivalent gun peak pressure and piezometric
efficiency.

These elementary system analysis consider-
ations illustrate the general design require-
ments for velocity increase by the use of
sabot-subcaliber projectiles. Projectile mass
must be reduced to achieve velocity increase
for constant gun performance. Generally, the

29
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projectile mass is the useful end product of
the system and, therefore, there are system
requirements to maximize the projectile mass.
Additional velocity increase can be achieved
for a fixed projectile mass by decreasing the
weight of the sabot as illustrated in Fig. 2-25.
This latter design goal is of primary impor-
tance in sabot-projectile technology.

23 THE COMPARISON BETWEEN CUP
AND RING SABOTS

The first decision which the sabot designar
must make is whether or not to employ a ring
or a cup sabot configuration. Based upon
empirical evidence, investigators at BRL es-
tablished the following criteria?:

320

One-piece cup sabot
(Figs. 2-3 through

-=—> 0.40,—+
D 0.40,—< 10

d 2-9)
Cup sabot with
.‘1>0_4o,_€£> 10 bearing plate (Figs.
D d 2-11 or 2-12)
d <0.40 Ring sabot (Figs.
D 2-16 through 2-23)

The performance capability of a cup and
ring sabot both designed to the same set of
conditions using the same material are given
in Fig. 2-26. It may be observed that although
the ring sabot consistently gives better perfor-
mance than the cup sabot, the amount of

AN
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Figure 2-26. Comparison of Cup and Ring Sabots (6-in diameter bors, projectile
L/D = 10, effective density of projectile = 0.260 lbm/in3, maximum
gas pressure = 50,000 psi, density of sabot = 0.040 Ibm/in?, and shear
strength = 10,000 psi) (Ibm = pounds mass)
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improvement at relatively large projectile dia-
meters (3§ > 0.40) is significantly less than at
smaller diameters. This is sufficiently less so
that one must consider other quantifiable

criteria, i.e, cost of manufacture, reliability,

etc.

In ring sabots the means normally em-
ployed to transfer the shear forces developed
between the sabot and the projectile is a series
of annular grooves shaped like a butiress
thread. To ensure an effective transfer of
these shear forcus, the grooves on the projec-
tile body must fit carefully into the grooves in
the sabot, The manufacturing costs for pro-
ducing a ring sabot, therefore, can be much
Righer than for an equivalent cup sabot.

In addition, the ring sabot has one more
joint to seal than does the cup sabot, i.e., the
joint between the sabot and the projectile.
Failure to achieve an effective seal on this
joint has been blamed for the failure of ring
sabots to function properly. The exposure of
the aft end of the projectile associated with
ring sabots also is considered a problem arca
that must be considercd. It is concluded that
the BRL rule-of-thumb is a reasonable criter-
ion for preliminary design of sabots but that a
more detailed parametric study may be war-
ranted for a specific set of performance
criteria,

24 FLUID BUOYANCY SUPPORT OF
GUN-LAUNCHED STRUCTURES

The fluid buoyancy sabot is a special
development of the Lockheed Propulsion
Company* and has application to the generic
structure that is typically weak in longitudinal
buckling, but which can be gun-launched to
achicvé some systemn advantage. One such
siructure is a rocket-assisted projectile
- where the projectile may be considered to
be in the range between an artillery bombard-
ment projectile and an earth orbit satellite.
System performance in all cases appears to be
maximized by gun launch of a flight vehicle

*Patent Numbers 3,369,455 and 3,369,485.

incorporating a high mass fraction (ratio of
propellant and total weight) propulsion unit.

It is desirable that the rocket propulsion
unit be designed for its intrinsic operating
parameters only. When this is accomplished,
the resulting unsupported propulsion unit is
too fragile for gun launch (except in the
trivial case of a “blow gun™). Fluid immersion
makes the rocket unit (and/or payload) rug-
ged, rendering it virtually insensitive to gun
bore loads. This paragraph presents a theoreti-
cal analysis of the fluid buoyancy, sabot
system.

A schematic diagram of the fluid buodyancy
support projectile and gun launch system is
presented in Fig. 2-27. The thin-walled aft-
section of the motor chamber is encased in a
close fitting polymeric cup containing a fluid
that fills the motor chaiber cavity and nozzle
assembly. The purpose of this fluid is to
transmit pressure, resulting from gun propel-
lant gas expansion and inertial reaction of the
projectile, throughout the interior of the
booster rocket, thereby counteracting forces
tending to destroy the motor chamber and
grain,

The ballistic trajectory can be divided into
the following three regions for discussion
purposes:

(1) Gun tube acceleration
(2) Transition from gun tube to exterior

(3) Exterior ballistic flight.

Relative to an inertial frame of reference
traveling with the projectile, the projectile‘can
be considered to be at rest in a time-varying
inertial acceleration field with equipotential
planes oriented normal to the gun bore axis
(neglecting spin effects for the moment).
After transition of the projectile from the gun
tube to the exterior, the acceleration field
drops abruptly as the driving gun gas dissi-
pates. For the case of exterior ballistic flight
In an atmosphere, aerodynamic drag effects
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will cause the acceleration field to drop below
zero, resulting in projectite deceleration. The
orientatior. of the deceleration field with

_respect to the projectile is determined by

projectile pitch and yaw. From the standpoint
of projectile structural integrity, the primary
effect of interest is the physical response of
the projectile to this transient inertial acceler-
ation field resulting from the gun launch and
exterior ballistic flight.

In general, the equations of motion for a
deformable body are obtained by equating
the material density p times the convective
derivative of velocity with respect to time, to
the forces acting on unit volume?. The torces
acting on any elemental volume are due partly
to body forces, e.g., gravitational and inertial
forces, and partly to the resultant of the
surface tractions acting because of the state of
stress of the body. Thus, using vector nota-
tion, the equation of motion can be written
as:

ar_ -, .. & )

—_— + (e
Par=PE div S Q2N
Bars (—) over the symbols denote vector or

tensor quantities. Symbols used are defined as
follows: :

p = average mass per unit volume (den-
sity)

v = velocity field

£= body force per unit mass (acceleration
field)

S = stress tensor

t = time

This basic equation is applicable to solids,
liquids, and to materials that display charac-
teristics of both limit conditions. The distinc-
tion among these various forms of matter is
embodied in the nature of the internal stresses
given by the stress tensor. An additional
differential relationship, which must be satis-
fied by the density and velocity fields, results

from conservation of matter and is known as
the equation of continuity, i.e., _

dp e (2-8)
T +pdivi=0

It should be emphasized that the indicated
density derivative with respect to time is a
so-called *“‘convected derivative” defined as:

do_ . . (2:9)
?te-p-f'F-Vp

where p is the ordinary variation with time of
the material density at a fixed point in space.
The second term accounts for the additional
material density variation resulting from the
motion of the observer traveling with the
velocity field during unit time.

The material under consideration is said to
be “incompressible” if changes in the material
density with time are negligible for the
physical process in question. In this approxi-
mation dp/dt = 0, and, therefore, the velocity
field must satisfy the condition div v = 0.

Before these relations can be applied to the
specific problems involving real materials, a
supplementary set of ‘“‘material characteriza-
tion" relationships is required expressing the
stress § in terms of the deformation, the rate
of deformation or the history of the deforma-
tion, depending upon the complexity of the
material. That is, a rheological equation of
state must be obtained for each important
material. Before discussing the required spe-
cific material characterization, it would be well
to consider the projectile in the gun launch
environment in greater detail to establish a
qualitative understanding of the relative im-
portance of the various effects.

Refer again to the projectile gun launch
schematic, Fig. 2-27, and consider the instan-
taneous state of the projectile when it is near
maximum acceleration in the gun barrel.
Forces on the projectile under these condi-
tions are primarily body forces resulting from
inertial reaction of the various projectile
clements to the very large acceleration field

2-15
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(10*-10%g). It is clear that gravity loading
effects can be neglected under these condi-
tions as contributing a negligible amount to
the total body forces on the projectile. In
addition to the body forces resulting from the
linear acceleration field, another source
body forces is the angular acceleration resuit-
ing from the bore rifling in spin-stabilized
projectiles. For the current discussion, body
forces will be assumed to result only from the
linear acceleration. Finally, surface tractions
are introduced during the gun tube travel by
frictional forces at the gun tube walls.

The general effect of the linear acceleration
on the rocket motor portion of the projectile
is intuitively clear. Pressure will be developed
in the pressure transmitting fluid resulting
from inertial reaction of the payload mass and
body forces in the fluid. At the base of the
projectile, pressure in the elastomeric obtura-
tion cup will precisely balance the gun propel-
lant chamber pressure. Moving toward the
forward end of the projectile along the axis of
symmetry, the fluid pressure will decrease to
a value determined by the,payload mass as the
fluid *“surface™ (located at the fluid-payload
interface) is approached. The fluid, motor
chamber, and obturation cup walls are con-
strained by the gun barrel walls in exactly the
same way that water in a stand pipe tank is
constrained by the pipe walls.

Considering the dynamics of the gun tube
acceleration process now, it is clear that for
the limit case of incompressible behavior for
all materizals, adequate protection of the
thin-wailed motor chamber during the gun
tube travel requires only that the velocity of
transmission of the pressure wave through the
fluid be at least as large as the propagation
velocity of a deformation wave in the obtura-
tor cup walls or the velocity of gun gases
around the outsides of the cup walls. The
situation is complicated, however, by the
compressible natre of real materials. Because
adequate protection of the motor chamber
and nozzle assembly requires that the internal
volume remain reasonably constant, it is
evident that bulk compression of the fluid

2-16
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and motor propellant as pressure increases
means that the extra volume must be filled
with fluid flowing into the chamber through

- the nozzle from an external reservoir. To scale

the effect, consider the case of the rocket
motor shown in Fig. 2-27 where the propel-
lant volume ¥, occupies 50 percent of the
total chamber volume ¥, with the remainder
filled with fluid ¥, Assume that bulk com-
pressibilities of the fluid B, and propellant B,
are 3 X 107 and 0.9 X 107 psi™!, respective-
ly, and that the average maximum fluid pres-
sure AP is 15,000 psi. For equilibrium condi-
tions, the total volume change, & V/V, is:

av = (ZE _‘l =2 4 .
_'_/.“oo) M[\V,)B"*.(V, 7 {(100) = 2.9%

Thus, for this example, a volume of fluid at
15,000 psi equal to 2.9 percent of the total
internal chamber volume must flow through
the nozzle from the reservoir quickly enough
to prevent deformation of the motor chamber
because of gun gas pressure. In addition, it is
evident that the compressibility of the obtura-
tion cup walls should be as low as possible to
limit motor chamber expansion.

Returning now to the mathematical formu-
lation and assuming that stress transmission js
sufficiently rapid to permit the assumption
that the fluid system is quasi-static, i.e., close
to equilibrium conditions at all times, Eq. 2-7
becomes

pg +divS=0 (2-10)
Furthermore, if it can be assumed that the
fluid is sufficiently perfect, i.e., that it can
support no shearing stresses, then the stress
distribution within it will be isotropic and
divS = — grad p (2-11)
Under these conditions,

Pg = grad p (2-12)

Now, in general, the hydrostatic pressure p
is a function of the density p. If the fluid
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density changes, for example, because of
compressibility, temperature field, impurity
content, etc., then it is clear that the pressure
distribution will be affected. In general, lines
of constant density may or may not coincide
with lines of constant pressure. If the former
can be assumed, an auxiliary pressure func-
tion can be defined

®(p) = fp ot dp

which, combined with Eq. 2-12, results in

(2-13)

g=gnnd ¢ (2-14)
Now, for the inertial acceleration field g,
under consideration here, the following may
be written: :
g=—grad V (2-15)
where ¥V is the inertial acceleration field
potential. Eqs. 2-14 and 2-15 result in
¥V + ¢ = constant (2-16)
Because the inertial acceleration field ¥ of
the projectile can be considered to be
spatially uniform, ¥ = —~ gx may be written
where g is the magnitude of the acceleration
field, and x is the distance from the fluid-pay-
load irte~f1 : bYack toward the aft end of the
projectile. Thus,

® = gx + constant (2-1Mn

and for the limit of incompressible behavior

el aoy 1 Po (2-18)
L P 8x p

SO
p=pgx+p, (2-19)

This relation expresses, mathematically, the
fact previously mentioned, that the total
pressure in the fluid is equal to the sum of a
constant value p, resulting from the inertial
reaction of the payload mass plus a compo-
‘nent increasing linearily with depth due to
inertial reaction of the fluid itself. The accu-

L
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racy of this result is, of course, dependent on
the validity of the various simplifying assump-
tions made during the derivation.

In addition to the previous effects, buoy-
ancy phenomena are certain to play a major
role in development of high acceleration
systems of the type discussed here. Consider
the propellant grain shown schematically in
Fig. 2-27, immersed in the pressure transmit-
ting fluid and case-bonded to the chamber
wall. The total force F, acting on the grain by
the fluid is

Fp=- Jf pd&8

where d5 is a vector surface acea element of
the grain directed outward from the grain.
Now, in general, for a scalar field such as p:

JS pds = fff grad paV

where ¥, is the volume of the propellant
grain. Again, assuming the fluid stress distri-
bution to be isotropic, Eq. 2-12 can be uscd
to show that

SSpds = ff paV;

(2-20)

(2-21)

(2-22)

Comparison of this result with Eq. 2-20
shows that the total force acting on the grain
by the fluid is equal and oppaosite to the total
weight of the Jisplaced fluid given by the
right hand side of Eq. 2-22. Observe that only
the gradient portion of the total hydrostatic
pressure of Eq. 2-19 results in a buoyancy
effect on the submerged grain. The relation-
ship expresscd by Eq. 2-22 is called Archi-
medes’ principle. The total body force acting
on the grain and resulting from the inertial
acceleration field g is giver: by

Fo = S5 b §dVg
Thus, the total resultant grain force F;, is
Fg =Fy + Fy = fffoc 8dV-fff pkdV(2-24)

Because the inertial acceleration field is
uniform and the fluid and propellant densities

(2-23)

2-17
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are assumed to be uniform, i.e., independent
of position, Eq. 2-24 simplifies to
Fe =(pg - P E Vg (2-25)
A positive resultant force corresponds to a
negative buoyancy, i.e., corresponds to a
“sinking’ tendency. Observe that even though
the density difference between the grain and
fluid is relatively small, the resultant buoy-
ancy force can be large because of the
magnitude of g. In the current case, this force
results in a shear deformation of the circular
port grain.

Up to now, consideration was given only to
conditions during travel of the projectile
through the gun barrel. Just as the projectile
emerges from the muzzle, it is clear that a
potentially catastrophic situation is produced.
Specifically, the projectile is still being accel-
erated by the gun gases bearing against the aft
of the projectile but the lateral pressure
constraint of the gun barrel is removed from
the forward portions of the projectilc.
Clearly, the internal fluid pressure either must
be contained by the rocket chamber, relicved
by expansion and possible rupture of the
chamber, or the acceleration and resultant
pressure must be reduced by flow of fluid
from the reservoir around the outside of the
chamber to the atmosphere. The results of
experiments*'S indicate that these muzzle
transition effects can be accommodated in
high-performance gun-boosted rocket designs
launched at practical gun energy levels. Flow
properties of the fluid during launch acceler-
ation are clearly of great importance to the
success of the rocket launch projection sys-
tem.

2-5 OBTURATION AND SABOT SEAL
DYNAMICS

26.1 GENERAL

The combined requirements of efficient
gun gas obturation during bore acceleration
and of rapid and smooth sabot separation
after muzzle exit provide challenging design

problems for sabot projectiles. Poor gun gas
obturation leads to augmented gun wear, and
degradation of projectile performance because
of erosion damage. Solution of the obturation
problem often results in sabot separation
difficulties with attendant poor ballistic per-
formance. The use of elastomeric seals for
obturation of high-performance sabot projec-
tile rounds has become common. These low-
modulus materials flow readily under pressure
to provide good obturation and excellent
sabot discard characteristics.

The genera! methods used for obturation of
sabot projectiles are described qualitatively in
this paragraph with reference to the widely
diversified applications literature for specific
techniques and results. Sabot projectile obtur-
ation design principles are not sufficiently
well defined or understood at this time to
permit a classical ‘“handbook™ treatment.
Research investigations directed specifically at
the detailed motion of practical obturator
designs during gun launch ate relatively new
and few in number.

2-6.2 OBTURATION METHODS

\,

Historically, the sealing of gun gases has
been accomplished by forcing a projectile
with a rotating band through the gun tube
rifling. In small caliber ammunition, the entire
cylindrical length of the projectile, which is
made from or sheathed in soft metal, is
engraved to provide a gun gas seal. Larger
caliber ammunition generally utilizes one or
more discrete rotating bands that are engraved
by the rifling under the action of the acceler-
ating propellant gases. In addition to provid-
ing the necessary sliding gas seal, rotating
bands generally are required to transmit tor-
que from the rifling to the projectile, thereby
providing the spin necessary for gyroscopic
stability. Requirements of the obturating de-
vice for spin-stabilized sabot projectiles are
much the same with the additional complica-
tion that the sabot and obturating device be
capable of smooth discard at the gun muzzie.
Both metal and fiber materials have been used
in spin-stabilized sabot projectile develop-
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ments (see, for example, Fig. 1-2). As higher
projectile vclocities are obtained by reducing
the projectile mass and diameter, the mass of
the sabot becomes a ciiticai performance
design constraint as described in par. 2-2.
Under these conditions, the use of a relatively
dense metal such as copper for the gun gas
obturator becomes prohibitive and low-den-
sity materials such as plastics and elastomers
have become important as sabot obturating
devices (see, for example, Figs. 1-3 and 1-4).

Many applications of sabot projectiles fired
from rifled and smoothbore guns exist, and
the use of plastic or elastomeric seals located
at the periphery of the sabot is common (see
the abstract bibliography, Appendix D). For
deformable sabot materials such as plastics,
the obturation means often is incorporated
ipto the sabot structure by making the att end
larger than the gun bore as described in Ref.
2. This procedure also provides an initial
resistance to motion resulting in a fixed value
of shot start pressure which has certain
advantages from an interior ballistic stand-
point. In many cases, however, particularly
those in which the sabot must be inserted
initially forward of the entrance to the gun
bore, the use of oversize sabots is not prac-
tical and a self-sealing action by the obturator
is required. Peripheral undercuts of “*flaps” on
the base of the sabot often are used to
accomplish this self-sealing action by reducing
the stiffness of the sabot material at the end
of the flap, which allows it to deform easily
under the action of low initial gas v~ ssures,
Examples of this procedure are 9. ated in
the sabot designs shown in Figs. 1-3 and 1-4.
An investigation of the literature indicates
that design of these components is accom-
plished largely on an empirical basis for each
specific application. Par. D-13 of the bibliog-
raphy (Appendix D) contains a list of ref-
erences on the subject on static and dynamic
seals in general.

2-6.3 SABOT SEAL DYNAMICS

The general motion of the sabot compo-
nents relative to the projectile during gun

AMCP 708-448

launch acceleration is referred to here as sabot
seal dynamics. Control of this motion is a
central design problem in many sabot projec-
tile applications.

High-performance Kkinetic energy penetra-
tor sabot projectiles usnally are aerodynamic-
ally stabilized and, therefore, it is desirable
that the projectile spin remain far below the
rate that would be achieved if the projectile
were directly coupled to the gun rifling. The
use of conventional, rifled tube guns for
launch of these projectiles often is dictated by

the necessity for firing conventional spin-~ |

stabilized projectiles from the same weapon.
Thus, it is necessary to decouple the projectile
from the rifling through a sliding element
incorporated in the sabot obturator. In many
cases of interest, the general practice of
forcing the obturator into the gun rifling to
achieve a tight fit for gas scaling purpose
cannot be used; the obturator device must
expand under action of the gun accelerating
gases to fill the rifling grooves and provide the
necessary gas seal with minimum gas leakage.

To accomplish these requirements in high-
performance, ring sabot applications, relative-
ly complex sabot configurations have been
developed employing sliding | lastic obtura-
tion rings as indicated in Fig. 2-28%. The
motion of this ring or combination of rings
relative to the sabot projectile body during
the launch acceleration cycle is critical to the
success of the round. Analytical and experi-
mental procedures have been developed® that
can be used in the design and development of
sliding plastic obturator rings. Static and
dynaniic friction between the ring and gun
bore and between the ring and sabot projec-
tile, combined with a knowledge of the
obturating ring mecchanical properties, are
critical inputs into the analysis defining the
resulting motion and sealing effects.

Another a.pplication in which motion of
the sabot materials relative to the projectile is
critical is the general area of fluid buoyancy
support of gun-launched structures discussed
in par. 2-4 (see also Fig. 1-5). In this case, a
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Figure 2:28. Schematic Diagram of Gun Tupe, Ring, and Sabot Projectile®

component of the ‘‘sabot is a pure fluid that
distributes the launch acceleration loads uni-
formly, thereby protecting fragile structures,
e.g., rocket motors, from the otherwise de-
structive effects of the launch acceleration.
Flow effects in the fluid relative to the
supported structure and the containing device
are of critical importance to the utility of this
method of structural support for fragile gun-
launched structures. Analyses of these effects
for specific applications are still being de-
veloped at the time of this writing.
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CHAPTER 3
STRUCTURAL DESIGN CONSIDERATIONS

3-0 LIST OF SYMBOLS

Q | '*s..hj Mmoo om " D R B8

>

= acceleration
= area
= diameter

= diameter; or, creep compliance

coefficient of base thickness sine
function

= Young's modulus of elasticity

effective modulus

glassy modulus
= frequency
= force; friction force

shear modulus

= rider width

1]

thermal pressure

= moment of inertia of projectile
about longitudinal axis

= moment of inertia of projectile
cross section about its central axis

= (L—1)/% = sabot length, base plate
thickness/projectile length

Wg
W

X

bulk modulus
length
length

mass, or, reciprocal of Poisson’s
ratio

twist rate, turns per caliber
twist ra. * turns per unit length
buttress groove pitch

pressure

base pressure

chamber pressure

radius

time; or, base plate thickness

torque; or, temperature

displacements in x-, y-, z-directions,
respectively

velocity
distortional energy per unit volume
weight

distance from commencement of
rifling
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X. ). 2 = Cartesian coordinatus

4

thermal expansion ccefficient

L,,/R, = length of sabot wall/radius
of projectile N

l/R,, = baseplate thickness/radius of
projectile

percentage of sabot not undercut
Kronecker delta
strain
normal strain, i =/
ij=x, 2
shear strain, i %/

angle

R, /Ry = radius of projectile/radius
of gun barre]

coefficient of friction
Poisson’s ratio
material density
stress

critical stress

normal stress, { =
Lj=xp2

shear stress, i #/
mean shear or deviacoric stress

shear stress

working stress

shear stress or shear strength cap-
ability of materials

angular velocity

gll" = angular acceleration

Subscripts:

B =  gun bore

c = compressive

cr = critical

f = friction; forward
l = inertial

K = key

max = maximum

N = normal

oct = octahedral

p = projectile

r = radial

R = ring; required
sc = strength of core
85 = strength of sabot
s = sabot; shoulder
str = strength

A = stud

t = tangential

T =  torque

w = wall

6 = tangential

[ = friction

3-1 STRUCTURAL DESIGN FUNDAMEN-
TALS

The verification of the structural integrity
of a design consists of two phases: (1) a
prediction of the stress and strain states
induced in the body by various loading
conditions and/or combinations of loading
conditions, and (2) application of failure
criteria to determine if failure will occur, the
margin of safety, or the probability of fail-
ure! *. Input data required for the stress-strain

prediction phase include (1) characterization

*References are located at the end of each chapter.
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of the material stress-strain behavior which
also is known as the constitutive equation for
the material, and (2) the loading conditions to
which the body is expected to be subjected or
to which the design must be qualified. Inputs
to the failure assessment phase include (1)
appropriate failure criteria, i.e., a quantitative
description of the conditions under which the
material will fracture or deform into an
unacceptable shape, and (2) a criterion for
acceptable behavior for the specific applica-
tion under consideration. The latter may take
the form of an acceptable margin of safety
also known as a safety factor, or a permissible
probability of failure. The margin of safety is
a subjective measure of acceptable structural
performance that should account for (1)
uncertainties in load predictions, (2) possible
errors in structural analysis techniques, (3)
statistical variations in material properties, (4)
the inability to identify and correct potential
failure conditions before catastrophic failure,
and (5) the consequences of experiencing a
failure.

With the improvement of load prediction
and structural techniques, and the develop-
ment of statisitical means for predicting the

-uncertainties in predicted quantities, it has

been possible to predict the effects of Items 1
through 3 relative to margin of safety. The

result is a statistical prediction of the prob-

ability of failure. The advantage of the statis-
tical approach is that it reduces the level of
reliance upon judgment, which may be biased,
to a lower level than the margin of safety
approach.

The remainder of this chapter is devoted to
a general discussion of material characteriza-
tion, structural analysis, and failure criteria
followed by specific analyses pertinent to
structural design of sabots, and the presenta-
tion of a computerized, finite-element ap-
proach to the solution of structural integrity
problems with complicated geometry.

3-2 MATERIAL CHARACTERIZATION

Before performing the structural analysis of

' a sabot or sabot-projectile system, it first is

i \
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necessary as well as expedient to establish
assumptions of material behavior under which
the analysis will be conducted. Notwithstand-
ing glaring deficiencies that will be discussed
subsequently, particularly in connection with
failure theory, it is proposed to consider the
medium as isotropic, homogeneous, and con-
tinuous. The practical objections to these
assumptions are based upon the fact that if
one examines the material on a sufficiently
small scale, it can be shown that neither
homogeneous, nor perhaps isotropic, media
exist. One must only assume that there does
exist, on the average macroscale, an equiva-
lent medium of this type. For many analyses,
this approximation will be satisfactory, cer-
tainly at the current stage, although the
assumption can be seriously in error on the
microscale, especially at the origin of failure
where fracture or tearing begins. Next, the
assumption of continuity is not always ful-
filled because it implies that there is always a
bond between the components of multiphase
materials, e.g. Fiberglas. Actually, this as-
sumption may not be correct under excessive

tensile stress. On the other hand, the bond:

still will exist between those surfaces in
compression, therefore leading to (noncon-
tinuum) load-induced isotropy. Nevertheless,
to conduct present analyses, it is customary,
and at least temporarily appropriate, to as-
sume an isotropic, homogeneous continuum.

The second assumption is that the strains
will be sufficiently small so that infinitesimal
deformations can be assumcd. Actually, for
the loads and geometries used in current
designs, strains of 30 percent frequently are
computed from infinitesimal theory. certainly
pushing the limit of validity for this assump-
tion. On the other hand, finite strain analysis
is complex. Considering the widespread know-
ledge of infinitesimal deformation theory and
its relative case of application, it is considered
appropriaty, pending some later qualifica-
tions, to begin at this point,

Third, the material stress-strain behavior
must be considered. Generally, only three
types of stress-strain behavior will be con-
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sidered: (1) linear elastic, (2) rigid-plastic, or

(3) elasticplastic (Fig. 3-1). The first is

customary and appropriate for most materi-
als. It merely implies that the deformation or
recovery of the material from deformation
under applied loading will be instantaneous
and complete upon application or removal of
the loud, with no delay or viscoelastic re-
sponse. On the other hand, some components
will be so highly, and intentionally, loaded
that the material will yield or permanently
deform. Actual behavior usually is somewhere
between these two limits, but experience
shows that for the majority of situations
analyzed herein, a careful assessment of the
behavior of these two limits will suffice.

3-2.1 LINEAR ELASTIC BEHAVIOR

The material properties required to per-
form a stress-struin analysis assuming lineur
elastic behavior are:

(1) Material density p usually given in
units of Ibm/in?

(2) Modulus of clasticity £ usually given in
units of psi

(3) Poisson’s ratio v which is dimensionless

(4) Coctlicient of thermal expansion «
usually given in units of in./in.-°F

Density p is the measure of the mass of a unit
volume of the material. The modulus of
clasticity £ and Poisson's ratio are material
constants that describe the stress-strain be-
havior of the material. The coefficient of
thermal expansion describes how the dimen-
sions of the material change with changes in
temperature. A compilation of the room
temperature properties for the materials com-
monly used for sabots is given in Appendix B.

It will be noted that it is also possible to
detine a shear modulus G and bulk inodulus K
for the material. In the case of a linear elastic
material, however, these propertics can be
shown to be simple functions of £ and v (Ref.
2
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Figure 3-1. lllustration of Possible
Stress-strain Behavior
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or any other property one might want to
define - - may be calculated. Furthermore,
given the material constants and either the
stresses ¢ or the strains e, the other quantities
(strains or stresses) may be calculated using
the stress-strain relationships. For a linear,
thermomechanically coupled elastic solid, in
general, three-dimensional Cartesian coordi-
nates, the stress-strain relationships? are

|
&, —aT=% [o,, v (9, +0,,)]

.l
&y —oT=% [a” - v(o,, +o”)]

e,—aT-lE 00 =¥ 04y 0, )]

e wlr o O, L0u
Xy G ys: G’

(3-2)

These equations are also known as Hooke’s
law. The yield strength usually determined in
a unijaxial tensile test describes the limit of
elastic behavior.

3-2.2 THE FITZGERALD MODIFICATION
OF HOOKE'S LAW FOR INCOM-
PRESSIBLE MEDIA

The deformation characteristics of rubbers
and some polymers are found to approach
incompressible behavior, i.e., ¥ = % and
K — o, Due to the occurrence of a (1 — 2»)
term in the denominators of certain stress
analysis formulas, however, the assumption of
incompressible behavior can create serious
computational difficultiecs and may result in
oscillations in computer solutions for stresses
and strains. One approach to avoiding this
difficulty is to assume nearly-incompressible
behavior, ie., v = 0.498, 0.499, or 0.4999,
Unfortunately, this is not satisfactory because
calculated stresses are sensitive to the value of
v, which is assumed.

An alternate approach growing out of the
Gruneisen relationships of polymer physics
and because of Fitzgerald*, is the postulate
that the cuantity 3aK is a constant. This
quantity, denoted by H, is known as the

*Professor of Civil Engineering, University of Utsh,
Salt Lake City, Utah,

thermal pressure and does appear to be a
material constant. Furthermore, it appuars to
be the same constant for polymers in general
— approximately 75 psi/°F. Physically, this is
the pressure that would develop in the poly-
mer for each degree of temperaturc change if
the polymer were heated under absolute
confinement.

To illustrate the efiect that this hypothesis
will have upon the stress-strain law, it is
convenient to begin with the Duhamel-
Neuman form?® of the stress-strain relation-
ships for thermomechanically coupled, linear
elastic systems. Using tensor notation, these
expressions are

vE

3

% =TT = 20 ke o T2 0%
- (.g_E_r_ )5”
1 -2
and (3-3)
= -llz\ L 5, +aTh
€ E % " E %k % if

where the indices i and § take on the values of
1, 2, and 3 (denoting the three Cartesian
coordinates x, )y, z). repeated subscripts indi-
cate summation, and 5” is the Kronecker
delta defined as

=) Li®) -

The second of these equations is identically
the stress-strain law previously given. For
convenience, however, the stresses have been
divided into an equivalent system of a pure
hydrostatic pressure (P = --G;; ® —0xx — Oy,
~ 0,,) component and pure shear compo-
nents (i 3 j), and tensor notation has been
employed to avoid having to explicitly write
down all six relationships implied by the
tensor expression. The deformations associ-
ated with the hydrostatic pressure and shear
components of stress are known as the unit
dilation (or volume expansion) and the distor-
tional or shear deformations, respectively.

Inserting the assumption that 3aK = con-
stant = H and rewriting yields the result
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where € = 2 Ge,,, K = K/(2G), and » = 0.5
and E=3K(1 — ) from Eq. 3-1.

The first term on the right-hand side
represents shear or distortion. The second
term represents pressure loadings or volume
change, and the third term represents temper-
ature stress or temperature volume change.

It will be observed that this transformation
has replaced the E, v, and « appearing in the
usual stress-strain law for a linear elastic
material with the shear modulus G; a relative
bulk stiffness X = K/(2G), which is always
anite; and the thermal pressure H, a general
material constant almost the same for all
polymers.

The important result is that the (1 — 2p)
factor causing the singularities or oscillations
in stress calculations has disappeared from the
equations. The choice this gives the structural
analyst js that he may continue to use the
strictly continuum approach and obtzin un-
believable answers (or play with solutions
varying greatly as v goes from 0.499 to 0.498)
or accept the fundamental physical reasoning
and experimental verification which suggest
that 3aK is indeed a constant and employ the
Fitzgerald modification of the linear elastic
stress-strain laws for incompressible or nearly
incompressible media. Experience has shown
that the latter gives physically acceptable
answers while the former gives highly erratic
results.

3-2.3 LOADING RATE EFFECTS

At the loading rates normally encountered
in engineering practice, the behavior of metals
and metallic alloys is adequately described by
the linear-elastic material model. Plastics and
rubbers generally exhibit viscoelastic be-
havior, i.e., the mechanical state (stress or
strain) depends not only upon the magnitude

of the load but also upon its rate of applica-
tion and to a lesser degree upon the history of
the loading. Under these conditions, the
linear-elastic material model, which assumes
material properties that at the most may
depend upon temperature of the material, is
not adequate.

3-2.3.1 LINEAR VISCOELASTICITY

Linear viscoelastic models*, which intro-
duce time-dependency to material behavior in
a special fashion, can be used to describe at
least the sma'l deformation characteristics of
materials whose mechanical response is time
dependent3>*. The moduli used to describe
the behavior of viscoelastic materials are also
dependent upon the rate at which the mater-
tal is loaded. The following loading modes
were found useful in structural analysis of
viscoelastic bodies:

(1) The relaxation modulus, E(t) or Gft),
defined as the time-dependent stress
resulting from a suddenly (ideally in-
stantaneously) applied strain divided
by the magnitude of the strain step.

(2> The creep compliance D(t) defined as
the time-dependent strain resulting
from a suddenly (ideally instantane-
ously) applied stress divided by the
magnitude of the stress step.

(3) The dynamic modulus, E*(w) or
G*(w), or compliance D*(w) which is
the amplitude of the steady-state stress
or strain resulting from a sinusoidally
applied strain or stress divided by the
amplitude of the applied strain or
stress. The dynamic properties are a
function of the frequency f of the
applied load and can be divided into an

*The assumption of linearity is similar to that in
linear elasticity in that stresses are proportional to
strains but it must be stated that the ‘“‘time-
dependent stresses’’ are proportional to the ‘‘time-
dependent strains’,
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in-phase or real component, E'(w) or
D'(w). and an out-of-phase or loss
component, E''(w) or D" (w), i.e.,

E*w) = E'(w) +iE"(w)
where

i= -1

The relaxation modulus or creep compli-
ance is used in problems with slowly or
monotonically varying loads, and the dynamic
properties are used for osciilatory loadings.
Fig. 3-2 shows the typical plots of these
moduli of a viscoelastic material plotted on
log-log scales. It will be observed at very short
times or high frequencies that the material
behaves like an elastic material while at very
long times or low frequencies it also behaves
like an elastic material but with a modulus
several orders of magnitude (powers of ten)
smaller than the short time modulus value.
The short- and long-time rclaxation modulus
are known as the glassy and rubbery or
cquilibrium moduli, respectively.

Because of the assumption of linear be-
havior. the solution of stress problems involv-
ing viscoelastic materials is at least philosophi-
cally possible. The labor involved, however, is
several orders of magnitude greater than an
equivalent elastic problem®:% and essentially
consists of the following:

(1) Transtormation of material properties,
boundary conditions, etc., from time-
space into Laplace-transform space

(2) The solution of a linear elastic problem
in transform space for every time
period of interest

(3) Transformation of answer in transform
space back into time space.

*The assumption of linearity is similar to that in
linear elasticity in that stresses are proportional to
strains but it must be stated that the “‘time-
dependent stresses” are proportional to the “time-

@ dependent strains’.

AMCP 706-448

A significant decrease in computational
detail would be achieved if the assumption of
elastic behavior could be justified. If the
loading rate were sufficiently high, the modu-
lus of a viscoelastic material would approach
the glassy modulus and the material behavior
would be elastic. Fortunately, however, even
though the sabot strain rates are not high
enough to cause the effective modulus to
approach the glassy modulus £,, the range of
strain rates and loading rates in most sabot
applications is within parrow limits. This
makes the assumption of elastic behavior and
the resulting simplifications reasonable. For
example, consider a cup sabot made of
“Lexan”, a polycarbonate plastic material.
Assuming that the time to maximum local
strain of 25 percent is approximately 2 msec,
the strain rate then would be 125 in./in./sec.
Under these conditions, Ref. 7 indicates that
the effective modulus would be £, = 300,000
psi. The maximum modulus for “Lexan™ is
approximately 320,000 psi and corresponds
to strain rates of 700 in./in./sec and above.
For all rates below about 0.01 in./in./sec, the
effective modulus is approximately 200,000
psi.

The finite element approach to the solution
of structural problems discussed in par. 3-5
and the finite element computer program
given in Appendix C are capable of handling
the bilinear behavior. For example, for the
“Lexan” being described in this paragraph,
one merely need insert the yield stress (the
stress at the bilinear break in the stress-strain
curve) of a = 18,500 psi and the modulus
ratio which for “Lexan” is 6700/320,000 =
0.02, and the computer will automatically
carry out the calculations through the end of
the bilinear segment. To determine failure for
curves of this sort, assume that the maximum
strain of 38 percent governs. Thus, extending
the second portion of the bilinear curve out
to 38 percgnt will imply a failure stress of
24,000 psi. The error involved will be ap-
proximately the ratio of the neglected area
between the bilinear extension and the actual
tri-linear section of the stress-strain curve to
the total area. In the case of “‘Lexan”, this
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error ratio is approximately 7 percent and on
the conservative side.

Thus. it has been shown that the availabil-
ity of high strain rate data establishing the
asymptotic value of the modulus permits
one, within acceptable accuracy, to ignore
viscoelastic effects in the analysis provided
the appropriate modulus is- used for the
“elastic” analysis. /

32.3.2 BEHAVIOR OF MATERIALS AT
HIGH LOADING RATES

At high loading rates such as those en-
countered in guns, the behavior of even those
materials previously considered elastic be-
come rate dependent. Although increasing the
strain rate for viscoelastic materials increases
the modulus of the material, the effect of
strain rate upon most “elastic” materials is to
increase the yield stress and decrease the
toughness. The dynamic strength has been
found to be 30- to 50-percent higher than the
static strength®. Available data on dynamic
behavior of sabot materials arec summarized in
the remarks column of the properties tables
given in Appendix B. The fact that the
dynamic strength of materials is appropriate
for -the gun launch environment has been
adequately demonstrated using gun-launched
aerodynamic models®>'®. Lockheed Propul-
sion Company (LPC), using a technique for
determining material strength in a gun launch
environment, confirms that high rate material
properties are appropriate for the structural
design of projectiles, models, and sabots. The
results of the LPC study are described in
Chapter 4 and summarized in Table 3-1.
Although the *‘go-no-go” nature and the
limited number of the LPC tests only permit
one to establish limits on the strength parame-
ters, the limits are consistent with those
predicted from other high rate tests.

In examining the behavior of materials at
high strain rate it is further noted that the
largest increase in strength occurs at the low
strain rates and there appears to be a strain
ratc above which the material’s strength does

AMCP 708448

not increase. Fig. 3-3 presents dynamic stress-
strain curves for “Lexan””. It will be ob-
served that a 32.5 percent incicase in strength
accompanies the ten-fold increase in strain
rate from 0.0125 to 0.125 in./in./sec whereas
the further increase in strain rate of approxi-
mately one-hundred thousand fold (0.0125 to
1,000 in./in./sec) only increases the strength
88.5 percent, and that there is essentially no
change in the material strength for strain rates
above 1,000 in./in./sec. A similarity thus is
noted between the strength of essentially
Jlastic solids and the moduli of viscoelastic
materials.

3-2.3.3 OTHER OBSERVATIONS

Examination of Fig. 3-3 shows that the
dynamic stress-strain curves have a definite

bilinear form, i.e., the plot points can be.
approximated by two straight lines. The first.

line has a relatively high slope or modulus (as
much as 320,000 psi) and applies up to
6-percent strain and is followed by a low
modulus (6700 psi) portion which holds to
28-percent strain. Actually, there is a third
high modulus portion which holds up to the
breaking strain of 38 percent but this is
usually ignored becaus~ available computa-
tional techniques are limited to bilinear or
*“elastic-strain hardening plastic” behavior.

3-24 FAILURE CRITERIA

Calculation of the stresses and strains in-
duced in a body by the loads imposed upon it
is but an initial step in the structural analysis.
To complete the analysis, one must apply
criteria to ascertain if the body has failed.
Failures fall into two general categories: de-
formation failurcs and fractures. In a defor-
mation failure, failure occurs whenever the
body deforms to the point that it cannot
perform its function. In sabots, a deforma-
tion-type failure would occur if during launch
the sabot permitted the projectile it carries
either to translate or pitch to the point that
there would be excessive dispersion at the
target. Another possibility is the excessive
deformation of sabot parts that result in
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separations between the parts and, therefore,
gas leakage,

Fracture failure is the condition where the
material is incapable of withstanding the
stresses or strains imposed upon it and physi-
cally yields or separates, creating one or more
cracks or fissures. There have been numerous
criteria established to predict this type of
failure. Five of the criteria commonly used
m4 Wt

(1) Maximum principal stress theory
(2) Maximum principal strain theory
(3) Maximum shear stress theory

(4) Maximum strain ¢cnergy theory

(5) Maximum distortional strain encrgy or
maximum octahedral shear stress
theory.

Each criterion defines a particular functional
of the stress or strain field so that if a critical
value of the functional is exceeded, the
associated yield, rupture, or fracture takes
place. The critical value of the functional
must be empirically determined for each
material of interest. The test most commonly
used is the uniaxial tensile test. The limiting
value of the functional then may be expressed
in terms of the yield or ultimate strength as
determined in a simple tensile test,

Criteria (1) and (2) utilize the fact that the
maximum stress (strain) at any point in the
material is the largest of the three principal
stresses (strains), 0,, 0;, 03 (€,, €, €3) at
this point. Failure is assumed to occur when
the principal stresses (strains) in the body
reach the yield or ultimate stress value dcter-
mined in a uniaxial test.

Criterion (3). also known as the maximumn
principal stress difference theory, stems from
the observation that many materials — paitic-
ularly those that evidence ductile fracture —
do so along a pair of planes or a cone lying in

the direction of greatest shear. The maximum
shear stress has the value (0, - 03)/2 und is
obtained on a plane inclined 45 deg to the
direction of the principal normal stresses.

Alternately, Criterion (5) may be used. It is
based upon a mcan value of the principal
stress differences or the strain encrgy associ-
ated with shear deformations, i.e., distortions.
The proposed von Mises form is

\/2-00'-'%0. ;)  +(o; 0, +(0, o0,)

and g, is termed the mean shear or deviatoric
stress. For both simple uniaxial tension and

. biaxial tension, g, is identical with the yicld

or fracture stress. For pure shear, the yield
stress turns out to be a,/4/3.

An alternate form of the above is that due
to Huber and Hencky. They observe that wy,
the distortional energy per unit volume, is

031 +10,

_9% _ 0P +(oy, a,)
6F 124

This mean deviatoric stress is also 3/\/Ttimca
a quantity known as the octahedral shear
stress. The results obtained from the latter
two theories usually are similar.

The total strain cnergy theory was pro-
posed by Baltrami and Haigh. It does not
prove satisfactory because there is no correla-
tion between behavior in pure shear and in
pure hydrostatic compression.

The important point to observe is that no
universal fracture criterion has been estab-
lished, and that the success of a given fracture
hypothesis depends in large measure upon the
material with which it is associated.

3-3 ELEMENTARY DcSIGN CONSIDERA-
TIONS FOR CUP SABOTS

3.3.1 STANDARD CUP SABOT

The clementary cup sabot and its principal
dimensions are shown as follows :
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The quantities d, D, and £ are inputs to the
sabot design as well as the mass of the
projectile and a target mass for the sabot and
sabot loads. The sabot design problem is to
estublish the sabot material and the dimen-
sions ! and L. For present purposes it may be
assumed that the amount of the projectile
lergth which is supported, ie., L — 1, is
establicshed by launch dynumic considerations
and probably lies somewhere between 0.5 to
1.0 of the projectile length. Therefore, let

k =LQ——t (3.6)
when 0.5<k<1.0

Let it now be assumed that the basic failure
mode for the cup sabot will be a shearing out
of a piece of the sabot bottom the same
diameter as the projectile.

A free body diagram for this piece of the
sabot is given as follows :

nq?
s (T) ta
—af77,
_..‘/

P —a= - m a
—— p
—t

"“—:'-"

A summation of the forces yields

2d? ®d?
2, = £ (5 ) rind - mya -0, (7)

where P = gas pressure
T = shear stress

m, = mass of the projectile
a = acceleration

p, = density of sabot material

which can be solved for the shear stress

[ 2)e e o

which will be maximum whenever the acceler-
ation is maximum (pressure will also be

maximum). The maximum shear stress
) (3-8)

Tmex © [’;ft% (%{)pl]amu - ed‘_)Pmax

and if the sabot is to be structurally sound the
maximum shear stress must be less than the
shear strength of the material, i.e.,

Tmax < Tsir

Substituting the equation for the maximum
shear stress and solving for the thickness of
the sabot base yields
2
> My Qpyax ~ Pmcx (wd 2/4)
7d T, — 0, G,y (747 [4)
-
1 -E:(._Ij'_"_‘_"__

My By yx 4 \m a - My By yx

3-9)

p max

nd Totr

wdr,, l—g—p Pmox
475\ r

where ¢ =

and the expression for the sabot mass be-
comes

D?
m, = p,[—t;—l *"--;—'(D2 - dz)(L - I)](3-|0)

But L -- ¢ = k€ therefore

x a?
m, =2D? p, [r + kf (l —-5;)]
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or substituting for the thickness and rearrang-
ing terms gives

m >_‘£’(P,Dam")[ ! ]+f.'£(b: , 2>
m, 4\ r @am)y) 4\ m

s P

or
mg ® Dp,a”“x 1 ] [ Ps
727 (50) [am] G

1
[(d/o)2 - l] G-11)

where p, is an effective density of the
projectile defined by

Py =~ (3-12)

nd? %
These equations are adequate for preliminary
sizing of cup sabots. Having tentatively estab-
lished the dimensions of the sabot, it now is
possible to consider more complicated load-
ings.

3-3.1.1 BENDING OF BASE PLATE

Because (1) the stresses imposed on the top
of the sabot base plate by the set back of the
sabot walls and the projectile will not be
equal and (2) frictional forces will be applied
around the outer edge of the sabot base plate,
bending stresses will be induced into this
plate. The bending stresses will be a maximum
at the center of the base plate. In addition,
the radial and tangential stresses will be equal
and are given by the equation

3

C) max = @ or = 87 @ID)

3-14

Lo [
CARGIRE
w(3)))

(3-13)

F,
where 0, = ———————y"
Ny contact area
. F, = friction force = uF,,
Fy = normal force acting on sabot
i = coefficient of friction

The analysis leading to Eq. 3-13 considers
the effects of (1) inertial load because of the
projectile, (2) inertial load because of the
sabot wall, (3) inertial load because of the
base plate, (4) base pressure load, and (5)
frictional load between sabot and launch tube
walls. Aerodynamic loads such as drag forces
arising from compressing air in the barrel in
front of the projectile are not considered
because they are in the opposite sense of the
inertial loads and will subtract from the net
loads on the sabot. The exclusion of this load
will makc the analysis more conservative.
Observe that the dependence of the maximum
bending stresses on the chamber pressurc has
been eliminated in favor of expressing the
stresses as a function of the acceleration and
thickness of the base plate.

The octahedral shear stress is given by

1
k)

%%t = l:(or)2 — 0,0, +(00)2] =0,
thus applying the octahedral shear stress
theory of failure the design will be adequate if

‘o, <-3£3-oy

(3-14)

where g_ is the uniaxial tensile yield strength
of the sabot material.

Based on the maximum shear stress theory,

yielding will occur whenever ¢, = o,

2-3.1.2 CRUSHING OF THE BASE PLATE

Although probably not of serious concern,
a check on the compressive stresses induced
by inertial forces should be made
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The calculated compressive stress can be
compared with the material capabilities or the
stress can be set equal to the working stress
and an alternate calculation of the thickness
can be made.

3-3.1.3 BUCKLING OF THE SABOT WALL

Because for the standard cup sabot there is
no room for lateral displacement of the sabot,
wall buckling of the sabot is of no concem.

3-3.2 CUP SABOT WITH EXTERNAL UN-
DERCUT

The previous expressions may be used for
calculating stresses with a slight modification
of the expression for the frictional stress F,
and for the mass of the sabot.

-r —_ Ajl:'T— A l
D - - 4\,&
L - =
L
now
Fu = o“1rD SL

where o, is the friction force per unit contact
area and § is the percentage of sabot length
that is not undercut, ie.,, percentage in
contact with gun barrel. The bending stresses
are thus

_ 3(3+)(y+8)0

(0,) . (00)’"" FP% Y

mae
3a
+
8gr(l -AY)9? sz

[m,, A (316)

- (I—A’)mp] [(l—-v)(l—k’) — 4(1+v) log 7\]
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where
» =R.o<a<o
Ry

L,, = length of sabot wall
=R, (0<F< o)

t = base plate thickness
=R, (0S 7S )

R, = projectile radius
Rp ™ gun bore radius
m,, ™ sabot wall mass
m, = projectile mass

There is the possibility of a shear failure along
plate A-A due to frictional forces. However,
this is not an expected failure mode. It is
more likely that this forward ring will deform
plastically. An analysis of friction surfaces is
presented in Appendix B of Ref. 12,

With the addition of an undercut, the
possibility of lateral displacement is intro-
duced and buckling of the sabot wall becomes
a possibility. An approximation for the criti-
cal compressive stress is

E 1
o = -1 3-17
VYT L) [(d/D) ]

The approximation is valid whenever the
length of the undercut is several times greater
than 1.72 D _) —(d\. The latter is the

D
length of a halt wave of buckling.

It will be observed that because the com-
pressive load is primarily due to inertial
loading, the check should be made at the
bottom of $he undercut.

3-3.3 CUP SABOT WITH INTERNAL UN-
DERCUTS

The expressions used for calculating

stresses in the cup sabot with external under-

3-15
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cut (see Fig. 2-9) also apply in this case. In
addition, if the cavity is not filled with a (1)
hydrostatic liquid, compressive stresses on the

sabot walls could cause them to collapse and
allow blow-by of the gas. \VIA, 7773

~ i 3-3.4 CUP SABOT WITH RIDER F,=1%Ry 0, h

. you

+
} [

r u> S b

? F, =2 (R} -R} hp, a
With the modifications. the expressions gener- [ & pTTR

ated in pars. 3-3.1.1 and 3-3.1.2 may also be i

; used in obtaining stresses in a cup sabot with where F, = inertial reaction force. \

b a forward rider. Buckling need not be con-

\ sidered. Shearing of the forward ring from the ~ The solution to (1) is

| projectile and radial tension failure between »
the leading cdge of the forward ring and the , _3F 9 ‘i‘ :

T projectile will be considered. (@,) max 2mh -

3 fFM=2nRBGMh

| e |

2R3(m + 1) 10§ (Rg/R,) * R3(m = 1) ~ R2(m - 1)]

- Rg(m+ 1)+ R} (m ~ 1)
- (3-18)
Pr—1"" ‘-\
——
e Fy=n(Rg~R)Dhpga _3Rz0,
'—7— h
T
~2(m+1)logA+(m—-1)—-A*(m-1)
m+1)+A(m-1)
_2Rao"+(R;—R;)pRa
9% = 2R, _3Rg0
_20, Ry *0g a (R} — R}) h
2R,
20, +pg aRy (1-2\?) —2(1+v)logA+(1 —v»)—A (1 -»)
T= N (3-19) (+v)+A2 (1 -p)

) . here
The problem of radial tension failure due v

to bending is given as the sum of solutions for

> m =l reciprocal of Poisson's ratio
the following two problems : v

3-16




IR 0 where pp is the density of the ring material.

o, "'",,""'" Note that from this expression it again is

possible to calculate the actual stresses or,

~2(1 + ) log A+ (1 — w)(1 — A?) given a working stress, calcrlate the required
[ A+ +NT (1 —y) thickness & of the ring.

The solution to (2) s 3-3.56 CUP SABOT WITH BASE PLATE
This design basically provides for an auxili-

©) = 3ppa ary base plate or bearing surface multiplier 4,

" max 4h and its analysis pertains to the configurations

& shown in:Figs. 2-11 and 2-12,
";3‘ RQ R' 4 4 + 3 pl “
,;} 4 Rp(1+m) lo.Tp- —R,(3+m)+-Rp(m—l) ‘RDRP
) l R A
* R",(l+m)+R;(m-—l) ar, ﬁ >
& - 3 p a T- v
4h Rp<ARp <R,;1<A<l/>\
[ —4(1+m)log A — (m+3) +X* (m—1)+ 4\ R? where \ :i‘.’.
(1+m) + A2 (m—1) B Ry

A= radius of auxiliary base plate %
~ - 3pp a radius of projectile base (Rp) ;E
The same expression= used in par. 3-3.2 in i

- * 4)
calculating stresses apply, but with AR, sub-
[-—4(v+l) log A= (3u+1) +2* (1-») +4N? v] R3 stituted for Rp. Thus, for example

/ﬁ” e v A

1) +22 (1-v) B

W The combined stress is thus 3 (3+)(BHy)o ‘

'y (g,) = (0,) -k

y o » max max 4410 (4)
(a’) =0, + g, . -
max ’gRP 3 ::
+ K
87 (1-\ A%)y? AT R? g
«3Rs 0 (3-21)
h [mwv(A)2 — (=N A’)mp].-

[—2 (1+v) log A +(l—v)(l-—)\’)]

1=p)(1-2\2 A2} —
| ) +n () [a-n0-2 ) - a1 s )

. 3pgr aR} and
4 (3-22)
G A 1 -(m. +m.)xR?
0, I3 AR, [ m, +m,)x a‘]

where o, is the shear stress (see Eq. 3-27).

[—4(l+u) log A — (1+3¥) + A* (1-v) + 4\2 v]

() + A2 (1)
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i Buckling necd not be considered for this case
] since the configuration does not lend itself
! readily to buckling.

3-3.6 CUP SABOT WITH SHEAR PLATE
RESTRAINT

The expressions for the stresses in this case

: are similar to those used above in Eqgs. 3-13

| through 3-22. The fracturable plastic disc is

‘ included for fragmentation of the sabot once
in free flight,

Metal stud attached
to projectile
M 1

N
.ru;[

Fracturable
plastic disc

D¢ = ZRS = diameter of stud

The bearing area of the projectile is now
changed from

=wpR?
Ap 1er
' = 1 _p3
to A, TR, Rg).

and the maximum tangentjal stress at r = Rs
is given by

o =0 30, (B+7)
PO 2N(R) - RY)

[3w) 83 - -0 &3]
—4 (1+v) R} R} log (R,/Rs)}

s -]

)

{(R; - RY)

m,

Iz
| [ew &3 - v R3]
—a(1+) R} R? log (R,/R,)]

+2m, [(m) - % (1-A2)

[1-» - 1430) R;/R;]] }

i -
drgy? R} - R3)?

(3-23)

33.7 SPECIAL CONSIDERATIONS FOR
SPIN-STABILIZED APPLICATIONS

In addition to the analysis of set-back
forces given previously in par. 3-3, if the
projectile is to be spin stabilized, a means for
transmitting torque between the sabot and
the projectile must be provided. Two such
means are (1) the use of an eccentrically
located pin, and (2) a key located on the aft
end of the projectile.

3-3.7.1 ECCENTRICALLY LOCATED PIN

The geometry is assumed to be as follows :

TR

R = distance @, pin to § projectile
r = radius of pin

The shear force, due to torque, is given by
Fp= T/Rp
The shear stress due to torque transmission is
T 1 T
B emn— = 2
Rp 27R p! 27R p!

This stress is added to the shear stress
calculated under conditions of axial acceler-
ation only to give the combined maximum
shear stress.

Tr (3-24)

Contact pressure on the sabot base due to
torque transmitted through N torque pins :

T=F

pln:R

T
Force T itt in = —
orce Transmitted per Pin NR

and the contact pressure is

e o -




T .
¥ NR7R - (329

where T = torque
2 = length of pin
N = turns per unit length
R = distance center line of pin to cen-
ter line of projectile
r = radius of pin

3-3.7.2 TORQUE KEY

The geometry of the key is shown Lelow.

E. In a complete circular section, the applica-

tion of a torque T will result in a shear stress
distribution given by

0,,0) = [r R)I% (3-26)

where o, (8) is the shear stress at radius ».

If T is increased to the maximum allowable
value, 7(R) becomes 7, the shear strength of
the material, and

0, 0) =T, (-[%)

If the cross section is changed, the stress
distribution will change, and distortion of the
planes normal to the longitudinal axis will
occur. Distortion will also occur in the case
shown in the figure in this paragraph where
the circular cross section is made up of the
key and the mating shoulders, because of the
discontinuity in the shear stress. However, in
the presence of a high axial compression
which keeps the plane sections plane, it is not

3-27)
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unreasonable to assume a distribution of shear
stress that is similar to that found with the
solid section. The torsional capacity of the
split section will, of course, be less than that
of the solid, and will be given by the integral
of the circular shear distribution over the area
of the key or over the area of the shoulder,
whichever is less.

Thus, we will assume that the shear stress
acting over the cross section of the key at

maximum load is given by Eq. 3-27. The
torque that can be transmitted is then

Ty = f/:/rz(r)u
g

s 1
-— r3 drdb
[L /o
2 €
+ / w/ / "o drdo] (3-28)
0, 0

From the geometry,

- rdrd0

h 1r
[ . [} — 3-29
€ Sinefor ,<6<2 (3-29)
or
% 6, R‘ n/2 _htdo
Ty = 4R i 4sm“ ]
Now
T2 46 1 cos8 2 /2
f w6 | 3awe T30
g, sin 3 sin 9,
or
fﬂ'lz dé =_l_ cos 6, + 2 cot 0(3-30)
g, sin*6 3Isin®6, 3 :
Now
VR
Cosel =
. R
Sinol ='h_
R (3-31)
cotd, = R _h
h

. .
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therefore

TA- =fl' {R3 0. +t——

(l
\3 hJ h
or
ok hy2
T, =1 R? ) Sin" =+ — _(_)
k= Ts {'"_R IV Y
2h3 (i)’ (3-32)
3R3 R

Then the torque that can be carried by the
shoulders is given by:

TR3 7
T, = 5 : - Ty
or
T h h k2
=7, R\ =- [ R -
{ 27 5 R Y3k %)
2h° ;
+ 1._(3) ] (3-33)
where h = key or rider width
R = radius to axis of cccentrically
located pin
Tx = Kkey rorque capacity
T; = torque capacity of shoulder
7, = shear strength of shoulder

If the core and sabot have shear strengths
7¢c and 7., respectively, and we wish to make
the torque capacities 7, and T equal, then

LAY
THR:‘{Sm‘7+§§ l~(—é-)
. 2h3 | h
3R? _(?>
2
=1 RS- [Sin"-h-+—h— 1—(—"—)
2 R 3R R

’h (__)2 ) |
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If we write

_,,,(R)

then

I£ =. T -1
Tss “’Z‘f) (3-34)

The function ®(A/R) is shown in Fi;. 34, and
Eq. 3-34 is shown in Fig. 3-5 as T, /1 versus
h/R.

In order to evaluate the torsional capacity
of a given key-sabot combination, we first
obtain the optimum value of 4/R from Eq.
3-34 or Fig. 3-5, and then the corresponding
value of ® from Fig. 3-4. The torque capacity
is then simply

h
Ty = R &(<) (3-35)

It should be noted that for a given shear
strength and core size, the variation of T
with key width is the same as that shown
for ¢ (h/R).

Nomenclature
x = distance from commencement of
rifling

N(x) = twist rate, turns per unit length
n(x) = twist rate, turns per caliber (2 RN)
v(x) =speed of projectilc at x
w(x) = angular velocity at x

@w(x) = angular acceleration at x = dv;fx)

Tp = required torque

I, = moment of inertia of core about its
longitudinal axis

Py = base pressure

Ag = area of bore, cross-sectional
mp, = mass of projectile




; RPN N e g | s % EI

H/4 YUM (Y/Y) § JO UOnELIEA b-g 3nB1

AMCP 706-445

y/M
60 80 L0 90 S0 v°0 €0 0 L0 0

20
2/ - LA (HE/HT) +(8/4) - LA (HE/) + (/) | 015 = (/M) @ v

7 A

90

(M) &

/ + 80
i

/ 01

|}




o RN v I

S

§0

N

L]

B
i
.2
i

H

H

}

H

B
by

MAdewd e
wy
[2g ]

oy

FRNPAR Xy

\w
ANCP
3-22

W

ks i b sty re | PR IRl AR = R Sl s




T TN

e 5 AR 'J.'
e ok i Empe LA

PRSI

/"‘\

TR A

At any point x in the bore, the angular
velocity of the projectile will be w(x) =
N(x)v(x) turns per second, or

wix) = 2 wN(x)-‘;—':, rad/sec (3-36)

d*x
+ N(x) =§;-2-:|

oy o [N ax &
w(x)—21r|:dx (d:> +N(x) ](337)

dr?
Equation of rotary motion for the core,
d I, wx)]

dt

and
I P
@(x) = 2"[ dr dr

ie.,

T (x) =

1, is a constant therefore
T (x) =1 w(x)

or

Te () = 211, [dN(")("") M) S ](3 38)

Tp(x) is then the torque capacity of the
mechanism required to spin the core. The
maximum value of Tp(x) can be found easily
by differentiating Eq. 3-38 with respect to x
and equating the result to zero. However, to
do this it is required that the velocity and
pressure profiles along the barrel be known or
better still, the displacement-time profile.

3-3.7.3 TORQUE KEY FOR CONSTANT
TWIST
If the twist is constant along the length of
the barrel, then Eq. 3-38 is simplified and the
maximum torque requirement only requires a
knowledge of the maximum base pressure,
ie.,

dN(x) _
dx
and
2
Tp (x) = 211, {N(x) %;] (3-39)
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Now

d:
g™ (Ps),,,. A

Then
d*x - (PB) max Ag
dr? m,
and
. 2nl N( )m"
(%) mex o (340)
or

(TR) max B i_klcn (PB) ma

TR) must be less than the torque
max

capacit'y of the mechanism required to spin
the core in order to prevent slip.

Torsional requirement data are presented in
Figs. 34 and 3-5.

3-3.8 SPECIAL CUP SABOTS

Several special cup sabot designs have been
developed for special purposes such as launch-
ing free flight aerodynamic models. One of
particular interest is a cup sabot with a
hemispherical base {see Figure 1-5(A)]. Equa-
tions for the design of this type sabot are not
included in this handbook because of the
limited applications for which it may be used.
Complete and detailed analyses are available
in Ref. 13.

3-4 ELEMENTARY CONSIDERATIONS
FOR RING SABOTS

The basic configuration and principal di-
mensions of a ring sabot are given as follows:

e
I

——f 0 e

A,] (R m)341)

{
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In addition to having to size the sabot
(dimension L}, it now becomes necessary to
decide where on the projectile the sabot shall
be located (dimension £). It is highly likely
that launch dynamic considerations also may
play an important role in locating the sabot
on the projectile.

The basic failure mode for a ring sabot is
shear along the sabot-projectile interface. To
ensure a good transfer of shear along this
interface, it is conventional to employ a series
of buttress-shaped grooves or detents. A
typical buttress groove geometry is

—1E-
BN

£l
— > —

where p is the pitch.

-

3/4 P

_t

The shear stress is determined by summing
forces on the projectile in the axial direction,
le.:

.—I—*
[ = _. D
= m.a.
Tmkld = m,a )
or
m, a ‘
= (342)
nklLd

where &k is a constant less than one that
converts the projected shear area into the
effective shear area. If it is noted that the
maximum shear stress which must be less than
the shear strength of cither the sabot or
projectile materials corresponds to the maxi-
mum acceleration, the following can be writ-
ten:

m,a

pSmax

akLd st

max

(343)

or
L> _l.( mpamox)
wk\ drg,

and

v L2 (o
wy~ @\, \D) |' \D/ [4max(345)

3-4.1 BUCKLING OF THE FORWARD
PORTION OF THE PROJECTILE

(3-44)

In locating a ring sabot on a projectile, it is
important to note the possibility of (1) a
buckling of the forward portion of the pro-
jectile due to column action, and (2) tensile
failure of the aft section of the projectile
which is pulled along by the sabot.

Because of the acceleration of the sabot
projectile, a body force is gencrated, part of
which serves as a compressive force on the
portion of the projectile extending forward of
the sabot. The effective weight of this for-
ward section is approximately

"
= - ]2 -
Wf pp4d a (3-46)
The critical load* for buckling of a fixed
freeended column under load distributed

uniformly along its length is

WZEIE
w =
( f)u (1.1228))° (3-47)
where

I, = moment of inertia of projectile cross
section taken about its central axis

Because the maximuni load corresponds to
the maximum acceleration condition

*S. Timoshenko, Theory of Elastic Stability, Engi-
neering Societies Monograph, McGraw-Hill Book
Cumpany, Inc., New York, 1936.
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”2 EIE 'S
A ————— -——> 2
(1.122¢))? >3 Y,
and
4n Elg
23 <
7 7 (1.122)? a?

4
Py Omex (3-48)

3-4.2 TENSILE FAILURE IN PROJECTILE
AFT SECTION

The forces acting on the aft section of the
projectile are (1) the inertial forces, {2)

pressure forces, and (3) tensile stresses. Sum- -

ming these forces requires that

T T
P+ -d2=_
( o)4 2

or simplifying and noting that a,,,, (@ =

@max) must be less than o, (maximum

principal stress theory of failure), requires
that '

P -0
g < [c - L —( nax ’) (3-49)
Pp Amax

Py d? (Q—L—Qf)a

3-5 THE FINITE ELEMENT TECHNIQUE

This paragraph is an introduction to the
finite element method of structural analysis.
Because of the lengthy and repetitive nature
of the calculations involved in the finite
element technique, it is most efficiently uti-
lized when programmed for solution on a
digital computer. The emphasis of this discus-
sion is on the use of a finite element program,
such as the one given in Appendix C, instead
of upon the theory of the technique or the
mechanics of computer programs. This para-
graph thus reflects the attitude of the user
instead of the producer. Those persons
desiring to pursue the theory in greater detail
than presented herein are referred to the
many text books and survey articles written
on this subject. Refs. 14 and 15 listed at the
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end of this chapter are particularly lucid,
thorough treatises on the subject.

36.1 BACKGROUND

For current purposes, the finite element
method #8 a technique for the stress analysis
of solid bodies®. Various geometries, loadings,
and types of materials are admissible —
depending upon the particular formulation.
Limitations are imposed for various reasons.
Par. 3-S discusses generally what can and what
cannot be done.

3-5.1.1 GEOMETRY

Analysis is generally restricted to two-
dimensional problems; ie., plane strain
(stress), and axisymmetric problems. This is a
limitation imposed by current computers. The
accurate representation of a body requires a
fine subdivision of the body, which generates
considerable information to be stored, more
than can be economically handled. However,
three-dimensional problems have been
studied.?$> !¢ This is one of the areas in
which one may expect future developments.

3-6.1.2 MATERIALS

Great freedom in material properties is
allowed. Materials can be anisotropic, as well
as isotropic. Perhaps the most impressive
feature concerning materials is the fact that
bodies of several materials can be analyzed. In
the process of formulating the problem, the
type of material in any given portion of the
body is specified, and the analysis proceeds
without difficulty.

One problem arises with certain materials
for which the Poisson ratio approaches 0.5
(30.5), indicating incompressibility in the
infinitesimal deformation theory. The
difficulty is the fact that the equations
become increasingly ill-behaved, due to the

*Actually, .the finite element method can be applied
far more generally, as will become clear subse-
quently.
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appearance of the term 1 --2v in denominators
of the governing equations. This problem has,
however, been resolved by use of the so-called
“reformulated” approach!? or by the Fitz-
gerald modification of Hooke's law (par.
3-2.2). With the reformulated approach, there
still is a tendency for stresses to oscillate in
problems with high restraint and Poisson’s
ratio near 0.5.

Finite element analysis generally treats
linear elastic materials. Viscoelastic materials
have been studied'®, however. Large deforma-
tions and plasticity also have been studied.
Both these areas require further study to put
them on a dependable level. Nonlinear be-
havior can be handled quite easily, and
programs (including the one in Appendix C)
are equipped to handle bilinear behavior such
as that displayed by ‘Lexan™ (see par.
3-2.3.1).

3-5.1.3 BOUNDARY CONDITIONS

Finite element solutions allow for the
boundary conditions which are most com-
mon. Typically, the analyst can prescribe
either concentrated forces or displacements in
either of the coordinate directions at bound-
ary points of the structure. Provision is
generally made for application of shears or
pressure loads on the boundary by specifica-
tion of the distributed magnitude, the pro-
gram internally converting these to concentra-
ted forces as required. Provision is also made,
in general, for internal generation of body
forces such as centrifugal force or accelera-
tions.

3-5.1.4 DYNAMNIC PROBLEM

The majority of finite element work has
been devoted to solution of quasi-static prob-
lems, i.e., problems in which loads are applied
slowly enough that stress waves are not
created in the body. The technique has,
however, been used to study dynamic phe-
nomena in both elasticity and viscoelasticity
media,! %> 3°

3-5.1.6 MISCELLANEOUS APPLICATIONS 0

It is worth noting that transient heat
conduction problems have been studied by
finite element techniques®.

Also to be pointed out is the fact that
finite element analysis has been applied to
plates and shells, which, although they are

.solid, are of a special geometry. Programs for

analysis of specific bodies such as rocket
motors frequently include shell elements to
represent the motor case??.

3-6.1.6 RELIABILITY AND ACCURACY

As with all approximate techniques, the
results obtained are subject to some un-
certainty. The reasons for this will become
clear in the paragraphs which follow. The
reader is cautioned at this point that the finite
element method is accurate and reliable in
direct proportion to the intelligent use of the
method and interpretation of the results. In
particular, the user must be careful in the
posing of the problem to be solved, and in the

modeling of the problem for computer analy- .

sis. Properly used and interpreted, the finite
element method is as satisfactory an analysis
tool as any other and offers a versatility
which is recompense for care in use.

35.1.7 SUMMARY

Generally, it can be said that the f{inite
element technique is presently in common use
for two-dimensional, quasi-static, elastic
analysis of solid bodies. However, extension
to other type problems, some of which are
mentioned previously, is possible.

3-5.2 THEORY OF THE FINITE ELEMENT
METHOD

This paragraph outlines the theory upon
which the finite element method is based. For
a particularly lucid discussion of this theory,
the reader is referred to Ref. 14, and for a
detailed treatise. to Ref. 22. The current
development will be limited to the compres-
sible, elastic stress problem for axisymmetric
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solids. This will give an idea of the theory
without unnecsssary complexity.

3-5.2.1 VARIATIONAL PRINCIPLES

Finite element solutions normally begin
with the statement of a variational principle.
A functional is defined which has as its
arguinents the relevant physical variables of
the problemn. It is then shown that the
particular functions (among certain admissible
types) which minimize the functional are in
fact the ones that satisfy the governing
differential equations of the problem. For
example, the Theorem of Minimum Potential
Energy?® states that the potential energy
assumes an absolute minimum for those dis-
placements satisfying the equilibrium equa-
tion, provided that classes of admissible func-
tions are limited to those satisfying the
boundary conditions.

It is obvious, then, that we could (1) guess
an approximate solution to a problem, (2)
calculate the potential energy, and (3) com-
pare with another approximate solution. Of
the two, we choose the one with the mini-
mum energy as the better. We then search for
another approximation to compare. By such a
process, we eventually will reach the solution,
if it is possible to reach a solution. A more
systematic process, akin to the Rayleigh-Ritz
method®, is to assume an approximate solu-
tion with unknown parameters. We then
determine the unknown parameters in such a
manner as to minimize the functional. Then,
we know that the solution we have is the best
of the type with which we started. The finite
element method is essentially such a process.

35.2.2 FINITE ELEMENTS

The origin of the name of the “finite
element” arises from the fact that, to perform
the process of minimization previously dis-
cussed, the body being analyzed is divided
into small subregions, over which expressions

*For this reason the finite element method is
sometimes called the “extended Ritz method”.
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for the displacement are assumed. For ex-
ample, suppose we wish to analyze the body
shown in Fig. 3-6. This body which is
axisymmetric, is subjected to axisymmetric
loads, e.g., axial acceleration.

We could suppose that this body may be
represented by a collection of rings of tri-
angular cross section as in Fig. 3-7.

This is, in fact, the type element used for
such problems. However, the triangles usually
are combined into quadrilaterals within the
program, and we need only concern ourselves
with the quadrilateral. Thus, we might break
up the body into thc subregions such as
shown for simplicity only in Fig. 3-8. The
right hand section of the body is shown
subdivided.

In the axisymmetric case, these elements
are each actually rings. If this were a plane
problem, they would be prisms with axis
perpendicular to the plane of the paper.

The displacement field is now assumed in
some form for each element. This introduces
several unknown parameters. These param-
eters can be solved for in terms of the
displacements at particular points in the
elements, usually the corners which are
known as the nodal points. Hence, we have a
set of subregions, for each of which we have
an assumed displacement shape depending
upon the unknown nodal point displace-
ments. The functional for each region now
can be calculated and minimized with respect
to the unknown displacements. This leads to a
system of algebraic equations in the nodal
point displacements. Solution of these equa-
tions yields the displacement field which
minimizes the functional and from which the
stresses can be calculated.

In actyal practice, this procedure is not
carried out as easily as it is described. The
handling of the large amount of data and
solution of the resulting system of equations
are problems which must be solved in an
efficient manner. However, this capability has
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been built into the computer program and as
such is not the user’s problem.

One point which is significant to a user is
the form of the displacement assumption. If
the function is linear in each element, then
the displacements along the edges of each
element will coincide. This appears desirable,
and is frequently used. Higher order assump-
tions will lead to different results. The linear
assumption also lends itself to approximation
of arbitrary fields as the elements become
smaller. The point to be noted is that in areas
of bodies where the actual displacement field
is linear, a linear approximation is adequate
with large elements. In areas where the
displacement ic more complex, smaller ele-
ments will be required to approximate the
actual displacements. In addition, errors in
the displacement approximation produce even
larger errors in stress calculations because
stress is related to the derivatives of displace-
ments.

3-5.2.3 SUMMARY

The finite element method requires the
approximation of a body by subregions.
Displacements are approximated in each ele-
ment by a form introducing the nodal point
displacements as unknown factors. A func-
tional is minimized over each element using
these approximations, which yields algebraic
equations for the nodal point displacements.
The solution of these equations is the dis-
placement field, and stresses are derived
therefrom. In areas where displacements are
progressively more nonlinear, the elements
must be progressively smaller.

36.3 APPLICATION OF THE FINITE ELE-
MENT METHOD

This paragraph and par. 3-5.4 will show in
detail the steps involved in using a finite
element program and will include some
numerical examples. This is undoubtedly the
simplest way to discuss the practical use of
the finite element method. Because the actual
use of a program is dependent on the pro-
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gram, one must sacrifice some generality by
referencc to a particular program. However,
we shall assume the available program similar
to the one given in Appendix C. Specific
details may change from program to program
but the general ideas remain the same,

3.5.3.1 INPUT DATA

Broadly speaking, the data that must be
input to a computer program can be separated
out into several categories: control informa-
tion, nodal point data, element data, material
properties, and load data. These categories are
not unique, and some programs may combine
one or more into a single category. For
example, it is quite natural to lump the last
three together because for any element we
must associate the material of which it con-
sists and the loads to which it is subjected. We
shall discuss the type of data in each category
as though they were separate, and indicate the
conventions wherever possible.

(1) Control information:

(a) Title: usually the first item of in-
formation required is the title, etc.,
or any identification the user
desires

(b) Number of nodal points

(¢) Number of rows of nodal points
(d) Number of materials

(¢) Axisymmetric or plane problem

(f) Number of cards of same type to be
read.

Data of this type refer to the problem in
general and/or to the process of input to the
computer. Load information that is relevant
to the whule problem also may be input to
this category. In this case, either Item (1) (b)
or (1) (c) information will be required, not
both — the program details determine which.
Also, Item (1) (e) will not be needed for a
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program that is specifically either plane or
axisymmetric.

(2) Nodal point data:

(a) Nodal point number — either a sin-
gle number or two (/, J) coordinates
if the nodal point array is associated
with a matrix

(b) Coordinates of the nodal point

(c) Indication of whether forces or dis-
placements, or neither, are specified
in each coordinate direction

(d) Specified forces and/or displace-
meng, if any

(e) Any other relevant information,
e.g., temperature, if it is associated
with nodal points, or special types
of control information.

(3) Element data.
(a) Element number

(b) Nodal points to which element is
connected

(c¢) Material identification.

All this information may be absorbed into
other areas. The element number may be
associated with a particular nodal point to
which the element is connected; this elimi-
nates Item (3)(a) and Item (3)(b); Item (3)(c)
can be handled by a request to read the data
while reading nodal point information.

(4) Material properties:

(a) Mechanical properties — modulus,
etc.

(b) Thermal properties — expansion co-
efficient

(¢) Physical properties — density, etc.

T e
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(d) Identiflcation.

(5) Load data:
(a) Element to which load is applied

(b) Magnitude of load — pressure, tem-
perature change, etc.

These data and material properties may be
associated with element data, and hence to
specific nodal points under some sort of nodal
point-element correspondence. It is not neces-
sary to do so, however.

(6) Final comments on the input data.

In general, it is necessary to define the
position of every nodal point, the elements
connected to that nodal point, the material
properties for each element, as well as nodal
point and element loads. Because a given
problem might involve close to 1000 nodal
points, with somewhat fewer elements, the
amount of data would be prohibitive if each
nodal point and tlement were treated sepa-
rately. This is not done, of course. A program
will incorporate some sort of sclf-generating
feature. For example, if two nodal points are
separated by several for which no data are
specified, the program might generate the
required intermediate points along a straight
line joining the given points, with uniform
spacing. Similarly, the elements omitted
would be generatzd.

By this self-generating process, the number
of input data are considerably reduced. The
only nodal points and elements that require
specification are those along the boundary of
the object, as well as interior points*for which
changes from previous data occur. For ex-
ample, when two different materials are adja-
cent, the transition from the first to the
second must be specified. ‘

36.3.2 OUTPUT DATA

At the conclusion of an analysis, a great
deal of information has been created —

: "-j?'*"

g

.
Y



e

Ay ot

stresses, displacements, strains, etc. All this
information is output. At this point, there is
no convenient way to reduce the volume
unless the analyst knows that only certain
results are needed. In general, the analysis will
yield hundreds of pages of results. Provision
can be made, however, to write the results on
a tape and then to have this information
presented graphically in terms of stress and
strain contours, etc.

The user must be cautioned against placing
total confidence in the results of the analysis.
The finite element method is a useful tool,
but still is not a panacea for the analyst.
Res :lts will be dependent on the ability of
the analyst to capture the essential features of
the problem by proper layout of the nodal
points and eloments describing the object of
concern. There is no substitute for intelligent
engineering consideration of the problem,

Par. 3-5.3 discussed the gencral type of
input to a finite element program and the
resulting output. While cach specific program
incorporates the information differently, the
same items are needed in any case. One must,
however, exercise a degree of judgment in the
use of the results.

3-5.4 EXAMPLE PROBLEMS

This paragraph makes more specific the
comments of par. 3-5.3 by presenting a group
of examples of finite element analyses, includ-
ing the whole process of solving the problem.
~or additional examples, the reader is referred
to Refs. 14, 18, 21, 22, and 24.

The program used to solve the examples is
the Rohm and Haas AMGOQ032A, suitably
modified for use on a UNIVAC 1108 com-
puter. The program in Appendix C is due to
Wilson and is similar in operation to the
Rohm and Haas program used for these
examples.

~..
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3-6.4.1 UNIAXIAL COMPRESSION OF A
RIGHT CIRCULAR CYLINDER

The first example is the simplest problem
that one can formulate — uniaxial compres-
sion of a circular cylindrical sample. The
setup of the problem is shown in Fig. 3-9. Fig.
3-9(A) shows the physical problem with the
necessary defining quantities. As shown in
Fig. 3-9(B), it is possible to reduce the
problem to one of smaller proportions by
taking into account symmetry. This is in a
form that can be analyzed by an axisym-
metric program, i.e., a body of revolution
loaded by axisymmetric forces. We note that
points on the axis of the body can only
deform in the z-direction, while points on the
r-axis can only move in the r-direction, this
from the symmetry of the problem. Thus, we
have established displacement boundary con-
ditions along the z- and r-axes. On the top
surface, the pressure is known, while the side
is free. The grid is added and nodal points
defined in Fig. 3-9(C). The grid is the simple,
obvious one — an array of squares 0.5 in. X
0.5 in. covering the section of the cylinder, a
total of 50 elements and 66 nodal points. The
nodal points now have (/,J) coordinates asso-
ciated with them as shown®. The displace-
ment conditions are indicated by rcllers. The
nodal points on the two axes can roll aleng
those axes, except that the (1, 1) nodal point
cannot move at ali.

This figure defines the problem in enough
detail to generate the input data, which is
shown in Fig. 3-10. For convenience in
discussing the data, we have numbered the
columns in groups of 10, 1-9 and blank.

The first line of data is simply a title in the
required format.

The second line of data gives the number of
nodal pofnt cards to be read (34), and number
of rows (11).

*Note that I = column number, J = row number.
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The next 34 cards are nodal point cards,
followed by 12 cards giving element proper-
tics and loads. and finally a card ending the
data.

In the system used in the program here, the
number of an clement is associated with the
nodal point of smailest (/,J) connected to it.
As nodal points are input, we then specify
whether an element is to be associated or not,
and what to do about the element properties.
This is probably most easily seen by reference
to the data. As the computer r:ads the nodal
point cards, the iollowing data is found: 7, J,
element type. four boundary condition codes,
r<coordinate, z-coordinate, four loads and/or
displacements. For example, Card 1 reads as
follc ws:

Column Data Meaning
5 1 =

10 1 J=1

15 1 read clement data

16 1 u, specified

17 1 u, specified

18 0 no mmoment or rotation

specitied

16 0] ne slope specified
2130 0.9 r-coordinate
3140 0.0 z-coordinate
41-50 0.0 u,
51-60 0.u u,
61-70 0.0 moment/rotation
71-80 C.0 slope

If the number in Column 15 were O, the
program assumr the same data as for the
previous elemen., if it were 5, no element is
associated with this point; 2, 3, and 4 also
have specific meanings. If the number in
Columns 16-18 ic zero, no data is specified; if
1, displacement/roiatior. data; if 2, force/
moment data. Column 19 has a 1 if displace-
ment is along a slope, 0 otherwise. Column 20
ts blank. The remaining columns, by 10,
coatain 1, z, u,, u,, moment of rotation, and
dis placement slope. )f the data in a given field
are 2¢ro, it may be left bianlk.

Thus, the first six cards refer to nodal
points (!, 1) to (6, 1), for all of which the
z-displacement is zero, the r-displacement
specified (as zero) for only 71, 1). Each nodal
point has an element associated with it,
except (6, 1). The element data is read for (1,
1), and the same fer the rest. No slope or
moment is specified. Coordinates are given
and applied forces or displacements are zero.
Note that all the nodal points in Row | are
specified since it is part of the boundary.

For nodal point (1, 1), element data is to
be read, and the same data hold until nodal
point (1, 10) be- =<e only 1 in Column 15
requests data. The urst element card is 27, on
whick is read, by 10’s, the following: E; v,
thermal load, fadT; radial body force; axial
body force; pressure; shear; and a number to
indicate where the pressure and/or shear acts.
Card 28 is also read, and indicates what
information is new by a 1 in the appropriate
cclumn. For all the elements up to (1, 10),
£=30X10° psi, v=1/3.

Note that all the bovndary nodal points are
entered as data; and on the left, an element is
entered with each nodal point.

Starting with (1, 10), the lower left corner
of the left element, we 1aust indicate the
pressure load on the top of this element.
Thus, we request element data to be read as
Cards 29 and 30, where p = 1000.0 psi and a
3 indicates the pressure and face on which it
acts (according to a standard scheme). Since
we don’t change E or p, these values carry on.
For element (2, 10) we again read the
pressure, since the program does not carry on
the pressure from element to element. This
process continues to nodal (6, 10), with
which no element is associated.

Nodal points (1, 11) through (6, 11) finish
the boundary of the regions. No element is
associated with these, and only (1, 11) has a
specified force or displacement (1, = 0).

While the pyevious description is somewhat
tedious, it give: a detailed illustration of data
requirements, both in kind and arrangement.




Output for this problem is shown in Fig.
3-11.

Not all the output is shown; it is too
voluminous. It consists of the following:

(1) Boundary condition information for
verifying the boundary conditions

(2) Coordinates of all nodal points — in-
cludes all the interior points for which
no coordinates were specified

(3) Displacements of all nodal points

(4) Stresses and ctrains in each ele-
ment — radial, hoop, axial, and shear
stress and strain; and maximum and
minimum stresses and strains

Only data for elements (1, 1) through (4, 4)
are shown. There is no need to show more, as
the values are the same for each row, changing
only in r-a phenomenon we should have
anticipated, due to symmetry. {We could have
saved considerable labor by oniy using one
row of elements). Notice that o, = —1000 psi,
g, =0, 0, =0, as is correct. Also €, =0,/E =
1/3 X 10%;¢, =€, = —ve, =0.111 X 107, as
is correct. In this very simple problem, the
cisplaceinent field is linear, with consequent
good results.

3-54.2 THERMAL EXPANSION OF A
RIGHT CIRCULAR CYLINDER

This example uses the same shape as
Example 1, a circular cylinder, but the load-
ing and boundary conditions are different. In
this example we subject the cylinder to a
temperature rise of 100°F so that fa7 = 6.5
X 10, and restrain the expansion which
would normally occur. This requires removal
of the input cards specifying the applied
pressure, and addition of a 1 to Column 17 of
cach card for Row 11 to indicate that 4, =0
for these points. Note that both the nodal
point cards for the interior nodes of Row 10,
and the material cards corresponding to those
noudal points are removed. On the first mate-

AMCP 70684456

rial card the thermal load is then added. The
input is shown in Fig. 3-12. The results are
shown in Fig. 3-13 in the form of the output
for elements (1, 1) — (4, 4). Again the
displacement field is linear, and the resulting
stresses are exactly correct.

3-5.4.3 CENTRIFUGAL LOADING OF A
RIGHT CIRCULAR CYLINDER

Example 3 uses the same data as Example
2, except that the thermal load is replaced by
a radial body force, rw? = 1000. This gives
the stresses set up by rotation with angular
velocity . The results for this case are
summarized in Fig. 3-14, The stresses o,, 0,
02, and displacement u, are shown. The exact
solutions are given as solid lines and the
resuits from the finite clement program as
points. Again, the agreement is excellent.

3-5.4.4 INTERNAL PRESSURIZATION
AND ROTATION OF A HOLLOW
CYLINDER

In the next two examples the geometry is
changed to a hollow cylinder. The inner
radius is 0.5 in. and the outer radius 3.0 in. so
that the wall thickness is 2.5 in., as was the
radius of the original cylinder. In both ex-
amples, the longitudinal deformation is re-
strained, creating a problem in plane strain.
For Example 4, an internal pressure of 1000
psi is applied; and for Example 5, radial body
force is applied, with re? = 1000. The results
of the analyses ar¢ shown in Figs. 3-15 and
3-16.

3-5.4.5 INTERNAL PRESSURIZATION OF
A COMPOSITE CYLINDER

To ilustrate the ability of the program to
handle problems with multiple materials, con-
sider the problem of a composite cylinder
subjected tcz internal pressurc. The loading is
again an internal pressure of 1000 psi magni-
tude. The cylinder is now composed of two
materials: an inner portion (# = 0.5 in. tor =
1.5 in.) of copper, and an outer portion (r =
1.5 in. to r = 3.0 in.) of steel. The result of
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the finite element analysis and exact solution
are shown in Fig. 3-17. Note that discon-
tinuities exist in the displacement gradient
and gradicnt of o,, as well as in 0y and o, In
this particular cxample an analysis with a
n.osho of one-half the original size (0.25 in.
compared to 0.5 in)) was performed. The
solid points for g, are from the second
analysis to demonstrate the accuracy with
which the discontinuity is captured.

3-6.4.6 CUP SABOT WITH METAL BASE
PLATE

To conclude this discussion of the finite
element aporoach to structural problems,
consider the sabot shown in Fig. 3-18. This
problem was selected at random to illustrate
the application of the finite element tech-
niquc to more realistic problems. The dimen-
sions, materials, etc., are chosen arbitrarily
and thus do not represent a problem of any
real situation. It is merely a demonstration of
the finite element technigue applied to multi-
material problems with peculiar shapes. Be-
ciuse this is an idealized problem, only one
loading is considered, a unit acceleration,
which generates body forces proportional to
the densities of the materials.

The sabot-projectile combination is some-
what more than 8 in. long, the projectile
diameter is 2 in., and the sabot diameter is 4
in. The proje tile is steel. The sabot is plastic
and the shock attenuator is a second plastic.
Thus, the combination is fairly realistic.

The clement layout for the problem is
shown in Fig. 3-19. The solid points show
prescribed nodes, and the open points the
nodes then generated. Observe that the mesh
gencrating routine tends to yield a uniform
grid. The points of the grid joining two
materials are prescribed, of course. The
boundary conditions are indicated, i.e., no
radial motion on the centerline or at the gun
bore. Observe that the lower left node is fully
fixed to remove the possibility of rigid-body

motion. As is apparent, no effort has been ~

made to provide a really fine mesh, only to
provide one that is realistic.

The input data are given in Fig. 3-20. .

Observe that the boundaries between mate-
rials are given, and that corresponding mate-
rial properties cards are included.

The results of this analysis again consist of
displacements for all the nodal points, and for
each element the radial, tangential, axial, and
shear stresses and strains, as well as principal
stresses and strains. While all these data might
be meaningful in a rcal problem, it certainly is
not pertinent here, because the whole prob-
lem is so idealized and the mesh so crude.

For this reason the only results presented
arc those (see Fig. 3-21) for the elements
around the junction of the projectile, attenua-
tor, and sabot. Referring to Fig. 3-19, these
elements are seen to be those with nodes in
Rows 4 through 7. The nodes actually on the
line between materials are in Column 4. Thus,
the elements of interest (shown shaded in Fig.
3-19 are (3, 4), (4, 4), (3, 5), (4, 5), (3, 6),
and (4, 6). Again, it must be emphasized that
no inferences are to be drawn from such a
crude illustration.

3-5.5 CONCLUSIONS

The purpose of par. 3-5 has been to give a
beginner some idea of the finite element
technique in stress analysis. To that end a
very sketchy description of the basic ideas of
finite element analysis has been given, and a

" more detailed discussion of the mechanics of

use of computer programs using finite ele-
ment methods. Problems have been presented
tc demonstrate the accuracy of which the
method is capable, and a final example was
given showing more of the versatility achie-
vable. This by no means can be considered a
full treatment of any phase of the topic, nor
is it intended -as such. If the reader is now
aware of the tool at his disposal, however, and
has a reasonable idea of how the tool works,

- the purpose has been fulfilled.
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CHAPTER 4
EXPERIMENTAL METHODS FOR SABOT
DEVELOPMENT

4-0 LIST OF SYMBOLS (1) Pressure Measurements

A = gun bore cross-sectional area (2) Measurement of Muzzle Velocity

A, = sample cross-sectional area

a = axial acceleration (3) Travel-time Measurements

F = force

f = projectile-gun bore surface frictic ial (4) In-bore Velocity and Acceleration

force Measurcments '

M = structural test vehicle mass

M; = specimen mass (5) Measurement of Base Precsure

P, = gun shot base pressure

¢ = maximum tensile strength (6) Measurement of Bore Friction

4-1 INTRODUCTION

The objective of this chapter is to describe
specialized techniques for obtaining experi-
mental data on sabots and sabot materials.

In general, the methodology associated
with evaluation of sabot projectile perform-
ance by gun firing tests is similar to that used
in evaluation and development of convention-
al gun ammunition. Experimental techniques
employed in this field have been extensively
documented in various publications available
in the literature, and the reader is referred to
the reference list at the end of this chapter
and the bibliography contained in Appendix
D for detailed discussions.

Experimental methods used for measure-
ment ol gun and projectile performance dur-
ing travel of the projectile through the gun
tube are described in detail in Ref. 1%,
Interior Ballistics of Guns. Experimental
topics in this handbook work include:

#References are located at the end of each chapter.

(7) Measurement of Barrel Erosion
(8) Barrel Temperature Measurements

(9) Motion of the Propellant During Burn-
ing.

All of these areas are of importance in the
development of sabot projectiles.

A unique feature of most sabot projectile
systems is the requirement for uniform and
reliable discard of the sabot carrier after
transition from the muzzle of the gun. Sabot
separation and discard usually are achieved by
muzzle blast effects, elastic rebound of the
sabot, and aerodynamic forces. During the
early critical stages of this discard process, the
sabot projectile is enveloped in a cloud of
high-velocity propellant gas which for a short
time out-runs the projectile after muzzle
transition. The gas cloud and blast effectively
obscure the sabot and projectile from view
during the critical sabot discard period,
rendering optical photographic techniques of
limited use. Flash X-ray photography is ussful

41
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for detailed study of the sabot discard process
during this period. High resolution shadow-
graphs result from this technique,- which
effectively penetrates the muzzle blast cloud.
Sequential and orthogonal exposures are pos-
sible, yielding the precise reiative motion of
projectile and sabot parts during the initial
free flight period.

Because of the complex nature of the
phenomena associated with high velocity
launch of sabot projectiles and the relative
difficulty of obtaining detailed experimental
information during the gun ballistic cycle, the
experimentalist usually is faced with the
necessity for conducting a large number of
tests to study the detailed effect of design on
sabot structural and launch dynamic phenom-
ena. Particularly during the early stages of
research and development applications, the
use of subscale testing and dynamic similarity
analysis*> 3: % is of significant importance. In
many cases, use of subscale modeling tech-
niques permits the acquisition of considerably
more information for a given amount of
expended effort than could be obtained if the
initial experimental research were carried out
in full caliber size.

4-2 DYNAMIC FAILURE CHARACTERI-
ZATION OF MATERIALS UNDER GUN
LOADING CONDITIONS

Analytical methods for structural design of
sabot projectile configurations are described
in detail in Chapter 3. It is clear from this
treatment that failure characterization of the
materials involved is as critical as the accurate
determination of loading conditions for the
prediction of useful design criteria and limits.
The high loading levels and extreme confine-
ment experienced by most practical sabot
designs, coupled with the high loading rates
involved in gun ballistics, contribute to the
questions concerning applicability of conven-
tional static or dynamic material failure prop-
erty data in sabot design.

A survey of conventional dynamic material
property testing methods shows that the

various combined loading effects experienced
in guns cannot be duplicated accuritely by
existing dynamic testing machines. High-rate
testing machines can duplicate gun loading
rates in direct strain or load applicaiion but
cannot induce the body forces and resulting
stress distributions induced by high accelera-
tion gun launch. Conventional shock testing
machines produce the correct type of loading
but the acceleration pulse magnitudes and
durations experienced by gun projectiles can-
not be duplicated readily.

To rectify these deficiencies in material
failure property characterization methods for
gun projectiles, the experim...tal technique
described in the following paragraphs was
developed for dynamic failure characteriza-
tion of materials by actual gun launch testing.

4-2.1 STRUCTURAL TEST VEHICLE

The sabot projectile designer usually is
charged with the responsibility of producing
the lightest weight sabot that will function
properly and survive the gun launch environ-
ment reliably. To utilize the structural engi-
neering design principles described in this
handbook, and to avoid the excessive effort
required by the purely empirical design and
proof testing approach, the sabot and projec-
tile material failure characteristics must be
known for the loading conditions to which
they will be subjected in the actual design. In
general, the yield and failure strength limits
must be determined under a variety of known
multiaxial stress conditions with inertial load-
ing applied in the rapid pulse form associated
with gun projectile acccleration,

The approach utilized here to achieve these
results involves high acceleration gun launch
of a material sample carrier within which the
material under study is subjected to the
launch acceleration condition. The Structural
Test Vehicle (STV) carrier serves to isolate
the material sample from all launch effects
except the axial acceleration induced in the
STV by the propellant gas expansion. Aero-
dynamic drag is utilized to decelerate the STV

L o
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after muzzle transition to ensure that stresses
induced in the sample by impact deceleration
are sufficiently small (compared to the gun
launch-induced loads) to prevent masking of
the launch-induced material response. Sys-
tematic variations in geometry of the test
samples are made, coupled with multiple gun
tests under similar interior ballistic condi-
tions, to determine yield and failure limits for
the test material under realistic gun loading
conditions.

A typical STV utilized in this experimental
method, designed for launch from a 37 mm
gun, smoothbored to 1.530-in. diameter, is
shown in Fig. 4-1. Interior design details are
presented in Fig. 4-2 for uniaxial tensile
testing of the test specimen material. The
same basic design can be used for a variety of
specimen loading conditions by modification
of the specimen holder and restraining de-
vices.

Structural loading of the tensile test sample
shown in Fig. 4-2 is induced by the inertial
reaction of the sample mass to the gun
acceleration environment. Maximum stress is
induced at the forward end of the narrow
cylindrical section by setback acceleration of
the mass at the base of the test section and
the mass of the aft portion of the iest section.
Reducticns in the diameter of the test section
are made until the launch acceleration pro-

duces yielding or failure.

4.2.2 LOADING ANALYSIS

The axial acceleration 4 induced in the
structural test vehicle (STV) mass A' by ths
gun shot base pressure P, is given by

PbA — f
B ————— 4-1
( )

where A is the gun bore crosssectional area
and f is the projectile-gun bore surface fric-
tion force. The setback force F on the test
sample loading mass M, produced by the
launch acceleration is given by

AMCP 706445

F=Mga (4-2)

For the tensile test specimen configuration
illustrated in Fig. 4-2, .4, includes all of the
specimen mass aft of the section marked A-A.
Maximum stress ¢ in the tensile test specimen
occurs at Section A-A and is given by

0=— (4-3)

where A, is the sample cross=sectional area at
Section A-A. Combining Eqs. 4-1, 4-2, and
4-3 yields the final result for the maximum
material stress as a function of experimentally
determined quantities:

L DA D (44)
7TM T4,

Peak stress induced in the sample material
during the ballistic cycle occurs when (PyA —
f) is a maximum. In general, the shot base
pressure P, and bore friction f are not
directly measured quantities unless sophisti-
cated interior ballistic methods are used!. In
most cases, gun chamber pressure P is directly
measured and the shot base pressure Py, is
determined by theoretical or experimental
means to be some fraction of the measured
chamber pressure. Similarly, bore friction fis
either neglected or an approximate value is
used unless very accurate experimental results
are required.

4-2.3 EXPERIMENTAL PROCEDURES

A modified 37 mm smoothbore gun system
was used for feasibility study of the structural
test vehicle, dynamic failure characterization
method. The gun was adjusted to fire the
STV’s at near zero elevation angle. Final
impact point of the aerodynamically unstable
projectile is spotted by direct observation for
recovery purposes. Smoke-tracer mixes have
been used to assist in projectile recovery, if
necessary, because of terrain requirements.

Typical flight range of the STV’s before
initial ground impact was approximately 500

43




yd. No indication of damage to the structural
test samples due to impact deceleration was
observed during the firing series. Approxi-
mately 80 percent of the projectiles launched
in this manner were recovered for examina-
tion. Impact deceleration damage to the
sample holder assembly was confined to the
replaceable end caps and obturation compo-
nents. Refurbishment and retest of the STV’s
with new test samples was found to be
practical and economical.

v v
* \ . ~ .
o —— e ..i‘..i«-l~._‘m-.-.‘.~--—m [ P P L PPN

The gun was instrumented with quartz
piezoelectric pressure gages for measurement
of pressure-versus-time in the propellant com-
bustion chamber. An additional pressure gage
was located near the gun muzzle to determine
t-avel time and pressure conditions near the
gun muzzle. Typical oscilloscope records ob-
tained from firings made during the STV
evaluation series are shown in Fig. 4-3. The
following are gun loading conditions for the
typical upper photo of Fig. 4-3:

Figure 4-1. Structurel Test Vehicle

-
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Figure 43. Typical Chamber and Muzzle Pressure-time Response
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Shot weiglhit 0.7131b
Gun charge weight 0.5401b
Propellant type M2, single perforated

The small oscillations superimposed on the
chamber pressure traces were relatively con-
stant from test to test ind were not -“on-
sidered objectionable for these research aval-
uations of material response to gun accelera-
tion conditions. Peak gun chamber pressure
values used for computation of projectile
peak acceleration were obtained from these
photographs and similar high speed oscillo-
graph recordings.

4-2.4 RESULTS OF FEASIBILITY STUDY

Feasibility of the STV procedure for deter-
mination of material dynamic fracture prop-
ertiecs under actual gun acccleration con-
ditions was confirmed by conducting a
limited series of tests on representative projec-
tile structural materials, primarily in the
uniaxial tension test mode.

A summary of sclected test results is
presented in Table 4-1. Static mechanical
properties obtained on conventional testing
machines are included for comparative pur-
poses. The static test samples were fabricated
of the same bar of material used for fabrica-
tion of the gun launch test samples. Typica!
examples of metal and plastic tensile test
samples after gun-launch testing are shown in
Figs. 4-4 and 4-5, respectively.

The results of this experimental study
showed that the gun-launched STV technique
described can be used to determine the
material failure characteristics needed for
detailed engineering design of sabot projec-
tiles. Repetitive testing of specific materials
can be expected to produce the dynammic
strength values needed to the accuracy re-
quired, including determination of statistical
variations and lot-to-lot changes in properties.
Of significant importancc is the fact that the
effects of complex geometry, inertial loading,
and multiaxial stress fields on failure behavior
for spccific developmental problemns can be
directly determined by use of this technique.
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Appendix B

SUMMARY OF STRUCTURAL PROPERTIES
FOR MATERIALS USED IN SABOTS
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Tensile  Ultimate Coafficiont of
Mlun W Polsson's  Shear Yield Tonsile  Clomga- Acduction  Shear  Linear Tharma!

ORI - h R A R S Y e Y
Alwnimen and
Alweimen Alloye  0.096-0.104  9.0-11.4  0.32-0.34 3.7-3.88 - - -~ - - 11.1-13.4 Spec
fure A) - - - - 8.0 13,0 4.0 - -- - str
A3B6-T6 - - - - 30.2-36.7 40.9-41.6 2,1-8.8  6-10  28.8-30.0 - Mot
200C Serfes 0.100 10.3-10.9 - - 42,0-70.0  47-78.0 4.0-14.6 N.0  35.0-41.0 12,3 Comp
608176 .- 9.7-10.3 - -- 43.85-44.5 45.0-47.4 N0 - 26.7 - str
6082-T¢ .- -- - - 40.0 4.0 17.0 -- - -
7039-T6 -- - - - 28.6-50.1 46.0-60.8 9.6-15.0 - -- - Notc’l
} 7075-76 -- 10.4 - 4.0 56.0-78.0 68.0-87.4 4.6-16.0  -- 52.% - str a
i 707976 -- o -- - $1.7-63.0 66.7-83.0 8.8-13.8 10.7-23.9 - .- Kie
n78-T6 .- .- - -- ™ ”» 10 - -- -
Copper and
!_ Ooppor Alloys
| Pure Cu 0.323-0.324  17.0-18.0  0.33-0.3% §.8-6.7 10.0-40.0 32.0-45.0 15.0-45.0  -- 9.2-9.4 str a
F Cartridge Brass 0.302-0.307  14.5-15.9  0.33-0.% 8.3-6.0  30.0-75.0 48,0-100.0 8.0-85.0  -- -- 11,0-11.6
Bery!1ium Copper -- 17.0-18.0 - 6.9-7.) -- 70.0-200.0 2.0-4.5 -- 10¢.0 - Comp.:
I Lead 0.385-0.406 2.0 -- -- 1.9 2.5 50.0 - -- 14.4-16.0 speci
E Mognesium Alloye  0.0635-0.066 - .- -~ - .- - - - 14.0
Cast -- 6.5 - -- 20.0-22.0 30.0-33.0 ).0-3.0
] Extruded -- 6.5 .- -- 27.0-38.0 40.0-50.0 6.0-16.0  -- 20.0-22.0 -- str a
Forged -- -- - - 19.0-25.0 33.0-41.0 6.0-9.0 .- 16.0-21.0 --
Mg-9y-0.5 3r -- - - - 46.0-52.0 59.0-61.0 6.0-8.0 -- - - Comp.
Mg-14L1-0. 384 - -- -- 9.5 15.0 10-35 - - .- 1
Mg-14L1-0.981 - -- - - 13.3 18.2 6.0 -- -- - ‘
Niokel Alloy 718 0.296 30.7-31.0 - - 89.9-165.9 174-275 17.0-30.0 23.0-48.0 -- 9.3 The
Steels ”1
camgy.nd Low 0.279-0.284  28.0-32,0  0,26-0.29 11.0-11.9 34.0-130.0 36.0-188 .- -- 41.0-120  §.5-7.1 Spcci*
AISI 1040 -- -- -- - 58.0-88.0 91.0-113 17.0-27.0 42.0-62.0 -- - 1
AISI 4130 - - -- - 52.0-156.0 81.0-167.0 15.0-28.0 54.0-56.0 -- - stra
AISI 4140 -- 30.0 - 12,0 100.0-177.0 134.0-195.0 12,0-25.0  -- 90.0-150.0  -- Charp,
AISI 4340 -- - -- - 225.1  230.0-264.4 10.3 43.0 -- - stra
Gun Steel - - - - 178-185  194-200 11.1-13.2 29.6-36.4 -- -- std ¢
SAE 6145 -- 30.0 - 12.0 98-210  105-230 12.0-25.0  -- 75-180 --
HY-80 - -- - - 89.6 109 2.1 18.2 -- --
m(;?a?{éi?no-n .- .- - - 131-149  140-182  16-22  56-68 - -- Charpy
H-11 - - -- - 190-250  225-305 5-15 52 -- - K _ ot
H-19 (Too! Steel) -- -- - - 178-183  204-215 5.4 12.0 -- - "
9N1-4C0-0,25C 0.28 27.3-27.8 -- -- 175-250  185-295 9-18.5 40.0-68.0  128.0  6.2-6.4
Maraging Steal -- -- -- - 110-290  150-300 10.0-18.0 51,0-72.0 - --
18N1, 250 grade -- -- - - 174-290 283-300 - - - --
18N1, 350 grade - - - - 233-335  339-346 -5 19-39 -- -
; Stainless Stesl
18%Cr, 83N 0.276-0.286  28.0-30.0 0.30  10.6-12.0 38175 90-215 5-50 . 60-150 8.3-9.4
AISI 301 - 25.3-26.8 - - 143-233  200-253  5.0-5.4  -. - -
} AlSI 321 0.285-0.29 .- - - 33.6-36.6 85.1-85.3  35-40 -- 8.5




ANCP
JAfficient of
ssuur“ Linsar T?oml
L) nsion
100 ot 10 R In/ 0O Remarks
- 1M.1-13.4 Specific Heat = 0.214 Btu/1bm-OF,
- .- Str at 2660 1n./4nasecis 2.1 static strength
285.5-30.0 .- Notched str = 1,26-1.70 unnotched str .
35.0-41.0 12.3 Comp. str = 43-80 ksi. Specific Heat = 0.23 Btu/1tm °F. Therma) Conductivity = 90 Btu/(hr) (1£8) (OF/ft).
- 28,7 . Str at 10,800 in/in.sec « 1.28 static str. Notche str = 1,08 unnotched str.
-- .- - Notched str = 0.96-0.97 unnotched str.
-- 52.5 -- Str at 1.0¢n/4in-sec ./}'&‘ static ste. Str at 6600 in/in.sec = 1.70 static str. Notched str = 1.30-1.47 unnotched str.’
Kic = 27.0-37.7 ks
7-23.9 - -
i
F . 9.2-9.4 Stroat € > 1001n/in-teC = 1,23-1,33 static str.
- - 1n.0-11.6
- 100.0 .- Comp. str = 128-206 ksi
.- -- 14.4-16.0 Specivic Heat = 0.031-0.032 acu/m-°r. Thermal conductivity = 16-19 ‘mg/(hr) (ftz) (OF/ft),
- . 14.0
-- 20.0-22.0 - Str at > 100tny/inssec » 1,17-1.44 static str,
- 16.0-21.0 -
- - Comp. str = 48.0-52.0 ksi. HNotched str = 0.40-0.47 unnotched str,
2y (Y
- 9.3 Thermal conductivity = 11,2 Btu/(hr) (ft°) (VF/ft),
41.0-120 5.5-7.1 Specific Heat = 0.107 Btu/1bm-OF,
-- - Str at 1.0in/in-sec = 1,04 static str.
90.0-150.0 - Charpy V-notch energy absorption = 14,0 ft-1bf ¢ 329F, Strat > 100in/ir -sec* 1.06-1,13 static str.
-- - Str at 2in./inssec = 1.14 static str. K = 62.7 ksi /Tn.
- - Std Charpy energy absorption = 16-20 ft-1bf.
75-180 --
- - Charpy V-notch energy absorption = §3-113 fe-1bf @ RT,
- -- Knc = 26-25.3 ksi /Tn.
128.0 6.2-6.4 Comp. str = 188-201 ksi. Charpy V-notch energy absorption = 35-60 ft:-1bf @ 0°F. Notched str = 1.05-1.08 unnotched str,
- - Str at 10in/inssec = 1.13 static str. Charpy V-notch endrgy absorption = 28-99 ft-1bf ¢ 30°F.
- - Charpy V-notch energy absorption « §,5.12.0 ft-1bf € -40°F.
60-150 8.3-9.4 Specific Heat = 0.115 Btu/1tm<"F. Thermal conductivity = 8 Btu/(hr) (ft2) (OF/ft). Str at > 100in./inzsec = 1.19 static
. . - Str at 1.0:n/1n7sec = 1.15 static str, Notched strength = 0.94-1.05 unnotched str.
. - 8.5 Specific Heat = 0.12 Btu/1bm-"r, Thermal conductivity = 8.75 Btu/(hr) (ft?) (OF/ft).

B3/
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Tensile Ultimate Coefficient of
Modulus of Poisson's Shaar Yield Tensile Elonga- Reduction Shnr Unm‘ Therma?
Density, Elnt&city Ratio Modu]us Str!ngth. Str!ngth. tion, of area, ngth, ansion.
Materia) 1bm/cu. in. E, 10° psi v G, 10° psy psi 07 psi 3 J psi 10‘ in./1n%F  Remarl
Titantum and Charpy
Titanium Alloye 0.163 15.4-16.6 0.34 6.0 92.0-154 123197 5.0-15.0 10.0-4X.0 .- 4.9 Bla
T1-8A1-2.55n “- 16.2-16.5 . - 100-108 110-122.5 15-24.8 40.6-43,2 86.1 .- Noteh
T1-6A1-4v -- 15.5-15.9 -- .- 106-141.2  115-156 8.0-16.2 3.8-36.0 -- - Kic =
T{-6A1-6V-2Sn -- 16.5-16.7 . - 146-195 150-202 3.6-13.86 3.8-44.7 .- .- Kic *
Tungeten Alloys 0.604 63.9-54.7 0.286-0.288 20.9-21.2 - 15.3 - ~~ -- .- Bulk
(4350°F)
W-4Rg-0, 35H¢- - - - .- -- 5. - -- - .-
8 (uwsr)
u-lzc -0.29v- .- -- -- - .- 65.8 -- - -~ .-
1Barin.07c (3000°F )
RNSRP Sheet - 0.0 - -~ 190-215 190-216 0 - .. - 1
Plastice
Epoxy 0.040 0.30-1.0 -- - -~ 2.0-12.0 2.0-6.0 - - 16.7-50.0
Methyl Metha- 0.042-0,043 0.35%-0.50 -- -~ .- 10.0 -- -~ -- 50.0 Spocﬂ
crylate
Nylon 0.0 0.16-0.28 .- -- - 12.0 50-300 -- - 27-2%
Polycarbonate 0.0412-0.0475 v.32-0.37 .- -- 8.0-11.0 8.2-16.4 60-110 .- - 39-61,2 Comp.,
(GE “Lexan") 1204
Polyethylene, 0.033 0.014-0.085 - - - 1.5-2.4 400-700 - 2.38 83-167 Specit
Tow density
Polyethylene 0.0336-0.0346 0.025-0.090 -- - -- 2.5-5.5 100-300 - an "3-167 Unnot
high density 1
Polypropylene 0.0325 0.17 -- - -- 5.0 7220 -- - 3.4
Polystyrene © 0.0383-0.0386 0.40-0.60 -- - - 5.5-8.0 1.0-3.0 .- .- 33-45 Comp,
Rigid Polyvinyl- 0.054 0.20-0.€2 -- -- -- 6.0-9.0 §.0-28 -- - 28-33 Comp .
chloride
Rubbers 0.036-0.049  0.00011-0.00060 0.50 0.00004- - 0.525-0.60 -- -- .- 3o-110 Specif{
0.00020
Polyisobutylene 0.033 0.0002-0.0020 - .- - 0.80-2.5 650-850 - -- 105-172
Butyl Rubber
Polyisoprene 0.033 0.00015-0.0060 -- -- - 0.8-4.5 480-510 .- - 17
Rubber
Polyurethane 0.0394-0.047  0.0004-0.0026 - - -- > 5.0 540-750 - - 55-110



Coefficient of

» Rogucuon ses"“:h Lﬂtmr T?oml
‘ of ared, ny pansion
P 3 prn ) 10'g 1n./1n:-°F Remarks
Charpy V-notch onorgy absorption « 17-28.5 ft-1bf @ 32%. Stroat : = 1.0in/incsec = 1.07-1.38 static str.
D 10.0-43.0 -- 4.9 Btaxtal str o 7,15-1.53 unfaxial str.
) 40.6-43.2 86.1 - Notched st~ =« 1.135 unnotched str. Blaxfal str = 1,37 unfaxial str,
P 3.8-36.0 - -- Kic = 104-106 kst /Tn. Charpy V-notch energy absorption = 15-30 ft ® RT. Notched str » 1.19-1.30 unnotched str.
bo3.8-447 .- - Kic * 32-95 ksi /Tn.
. -- - Bulk modulus » 42.3-42.6 x 10° pi.
t
- - 16,7-50.0
f .- - 50.0 Specific Heat = 0.33 Btu/lhn-DF. Str @ 1200in./ircsec = 2,12 static str.
- -- 27-29
-- - 39-61.2 Comp. str = 11.0-11.8 ksi. Specific Heat « 0.30 Btu/1tm-"F. Thermal conductivity = 2.46 Btu/(hr) (ftz) (°Frte),
Iz0d V-notched energy absorption « 10-16 ft-1bf. Str @ 700 in/in/sec = 31.4 ksi
-- 2.3% 83-167 Specific Heat = 0.55 Btu/lbmF,
-- 3.10 83-167 Unnotched 1zod energy absorption = 32 ft=1bf, Notched {zod energy absorption v 0.5-5.5 ft-lbf,
- - 3.4
* -- -- 33-45 Comp. str = 11.5-13.5 ksi. Specific Heat = 0.33 8tu/1bm-°F. 1z0d energy absorption = 0.20-0.35 ft-lbf,
-- .- 28-33 Comp, str » 12.0 ksi.
-- -- 36-110 Specific Heat = 0,42 Btu/1tmOF,
- - 108-172
- .- ny
- - 55-110
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Appendix C

A FINITE ELEMENT PROGRAM FOR DETERMINING
THE STRESSES AND STRAINS IN
AXISYMMETRIC, ELASTIC BODIES

‘Part A: Program Listing (UNIVAC 1108, FORTRAN 1V)

Part B: Input Data
Part C: Additional Remarks and Output Data
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QN Fn
<

Sn

Su
Sé

Se
L]

6o

e —

!
£
[

70
ar

ap

10n

130
140

150

bl Ml i S A 4 s b b e it e s e

PART A — PROGRAM LISTING (UNIVAC 1108, FORTRAN IV)

R WILSON
AFPRITRARY AXISYMMFTRIC SOLTIDS .
COMMON NUMNP s RUMEL ¢ NUMMAT o FIUMPC o ACEL 20 AMGE A RAND» TEMP,MTYPE»Q /NP,

1 HED(12)+E(BsAY12),RO(12)XXNM(12),R(900),7(200) UR(900),U2(900)

2 CODF (9001 ,TIQNM) »INC(200) 4unCL20N),PRI20N)+ANGLE (U)

COMMON ZARG/ RRR(S)y277(S)eS(10210) o0 (10),TT(U) o LM(4)oND(3:3)
1 HH(G130) oRR(U) ¢2Z(W) o ClU b)) sHIBI10),D(6e0)eF(6010)2TP(6)X1(10)
2 JEE(T) o IX(B0NsS),FPS(RND)

COMMON /BANARG/ MRAMDMUMRLK,R{10A8),7(108,5%54)

COMMON /PLANE/ NPP .

READ AND PRINT OF CONTROL INFORMATTION AND WATERIAL PROPERTIES

READ  (521000) RED, MNP . MUMEL s NUVMAT o 1UMP PR o ACELZ s AMGF O » 3o NP, NPP

WRITE (6+2000) HED,HUMNP s NUMEL s NUMMAT o NUMPC s ACELZ s ANGFQ» Qo NP

IF (MPP) Sue56:54

WPITF (6.,2008)

DO SO M=) +NUMMAT

READ (S5¢1001) MTYPF ,tiINTCoRO(MTYPF) o XX IN(MTYPE)

WRITE (602011) MTYRE,NMUMTCRO(MTYPE) , XYNN(UTYPE)

READ (S+1005) ((E(Y,JeNTYPF) o JZ1s0), [S1eNUMTC)

WRITE (6+2010) ((E(IoJsMTYPE)+JZ1e8),I=1.NMTC)

DO %A 1= NUMTC.s
D0 58 J=1.8
E(TodeMTYPE)SF(NUMTC  JoMTYPE)

CONTINUE

READ AMD PRINT OF 1IODAL POINT DATA

WRITE (6.,2004)

L=0
READ(S+1002) MeCODE(I) +RIMI S 2IM) v LIR(N) »UZ (M) 2 TIN)

NL=L+1
ZX=N=!.

DRS(RINM)=R{L))/2X
D2=(2(N)=2(L))/2X
DY=(T(N)=T(L))/2X
L=L+}

IF(N=L) 100,90/R0
CODE(1.)=0.0
R(L)=R(L=1)+DR
2iL)=7(L=3)+DZ
URI(L)=0.0
UzL)=0.0
TL)I=T(L=1)+D7
GC TO 70
WPITE(602002) (KK oCOLE (K)o R(KK) » 2 (KK ) o JR({KK) PUZIKK) o T(KK) ¢ KK=NL ¢N)

IF (NUMNP=N) 100,110,660
WRITE (602009) M
CaLL EXIT
CANTTHUE

READ AND PRINT OF ELEMEMT PROPERTICS

WRITF (6+2001)

N=0
READ (5¢1003) My (IX(MsI)0sIZ10%)

MzN+1
IF (v=N) 17001704150
IX(No1)=IX(N=101)4+1
IX(Ne2)=IX(N=102)¢])

IX(MeIISIX(N=1+3)+1}

IX(N,UIZIX(N=]4)+}

IX(NeSIZIX(N=1¢5)




179
180
190

2on

| 309
3n

Jen
2
Ju0

(]

380

500

1000
100}
1002
1008
1004
100«
2000

2001
2002
2003
2004

200%
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PART A —~ PROGRAM LISTING (Continued)

RRITE (602003) Mo (IX( 1, 1)01210%)
IF (w=NM) 140,180,140
IF (NINELeN) 190,190,130
COMNTINUE
READ #* D PRINT OF PRESSURE BOUMDADY AN NITTONS
IF (rIMPC) 290310, a0
WRITF (6+2005)
DC 300 L=1.NUWPC
READ (5,1004) JRC(L)+JRCIL)PR(L)
WRITE (6020070 INCIL) »JRCIL)PP(L)
CONTINUE
SE;EFN!NE BAMND WIDTH
DO 340 N=1.NUVEL
D0 340 I=%.4
DO 325 L=1.4
KKSTARSCUIX(NsI)=IX(t0L))
IF (KK=y) 325,325,320
JzKK
CONTINUE
CONTINUE
MRAND=28J¢2
SOLVE MON=LINEAR STRUCTURE 1Y SUCCESSIVE AoPROXIMATIONS
D¢ 350 N=1.NUMEL
EPS(1)=0.0
DO S00 NNN=1,MP
FORM STIFFNESS MATRIX
CALL STIFF
SOLVE FOR DISPLACEMENTS
CAaLL RANSOL
WRITE (6+12006) (N» e(zow-l)op(th)-N_1.ﬂUMNP)
COMPUTE STRESSES
CALL STRESS
CONTINUE
GO TO 50
FORMAT (12A6/4IS5,3%F10.2+215)
FORMAT (215.2F10.0)
FORMAT (15,F5.0:,SF10.")
FORMAT (615)
FORMAT (215:F30.0)
FORMAT (8F10,0)
FORMAT (1M1 12A6/
30HO MNUMBER NF NODAL POI!TS==ewea 13 /
30H0 NUMBER OF ELEMENTS=weceeneee I3 ¢
30H0 NUMBER OF DIFF. VATERIALS=== 13 /
30HO NUMBER OF PRESSURE CARDS==-=- 13 /
30H0 AXIAL ACCELEPATION=racrmecce- E12,4/
J0HC ANGULAR VELOCITYme=mcoveanwea £12 4/
30HC PEFERENCE TEMPERATURE—mmece= E12,4/
30HO NUMBER OF APPROYIMATIONS==we Ix)
FORMAT (4OHIELEMENT NO, 1 J [ L MATERIAL
FORMAT (T112,F12.2+2F12,3+2E24.7+/F12,3)
FORMAT (1113,4816,1112)
FORMAT (10AHINODAL POINT TYPE R=OPRINATE 2-ORDINATE
1AC OR DISPLACEMEMNT 2 LOAD OR DISPLACEMENTY TFMPERATURE )
FORMAT (20HOPRESSURE ROUNDARY CONNITIONS/ 24K 1 J
1URE

B ADPNARE AN

2008 FORMAT (12WIN.P, NUMBER 18X 2HUR 18X 2WUZ 7 (1112,2€20,7))

PRESS
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PART A — PROGRAM LISTING (Continued)

2007 coRVAT (2164F12.0)

200R FARMAT (23HOPLANE STRESS STRUCTURE )

2007 FORMAT (26HONODAL POIMT CARD ERROP Nz %)

2017 FORMAT (1SHO TEWMPrQATURE 10Y SHE(NRZ) X 6HNUCRZ) 11X 4HE(T)
1 10X SHNU(T) 6X OHAL PHALIRZ) Y EHALPUALT) 15K YIFLD STRESS /
2 (F15.2+7F15,%))

201 FORWMAY (L1THOVATERIAL ‘i MafFRz 13, 3nH, 4UMprR OF TEMPERATURE CARDS:s :
1 I3 1SH, MASS DFMSITY= E12.4 o 16M,MADMILUS RATIO: E£12.4 ) #

C N

EMD "
BN FrR STIFF .
SURROUTINE STUFF
COMMON NUMNP ¢ MUMEL , UMM AT s NLAPC  ACEL 79 ANGF G s RAND, TEMP ,MTYPE,Q/NP,
? ’ 1 HED(12)+E(B,0r12),P0012)sXXNN{12),R(Q10),2(Q00) 1R(900),U2(900!}, ' ‘
- 2 CONE(Q00) o TUA0D)2TrCU200) e RCI20M)YPRI200 o ANGLE (4) -

P COMMON FARG/ RRR(S5)sZ222(5)eS(10o 1M oD (1N, TT(U) +sLMIB)oDD(3+3) 0 :
¥ 1 HHEEo 10D sRRIU) 2 Z2Z1U)»sC{UIU) oeHIG1 1) N(RIR)IPFL6010)eTPIB) W XT(10) : {
! 2 JEE(T) IX(B0NS) s EPSINND) :
: COMMCH /QANARG/ MARAI D, UMRLK,9(108) 2 (108,%84)
COMMEN /PLANEZ MPP
c INITIALIZATION
REWILD 11
N#z27
NDz2tin
N 226D
STYOP=0,0
N HUNMALK =0
0o S0 NZ1eND2
/' REMIZO,N

D~ SN vz1.ND ! } 1
S~ A(MeN)ZN,0 |
I c FCRY STIFFMESS MATRIX TH FLNCKS T

60 NUMARLK =HUMBLK +1
NH=NR* (NUMRLK +1)
NASNH=NG
ML SNM=" e )
KSHIFTz2¢MNL=2 |
00 219 N=z1+NUMEL oo
IF (IX(re8)) 210,21 5.K% )

68 DO 8N I=1.4
IF (IX(N.I)=NL) an, 70,70

. Te I8 (IX{ReI)=NM) GN,G4CWRPO

; _ 8r CoMTINJUE

GO0 To0 210 . ‘ ‘
90 CaLL QUAD(N!VOL) |
IF(VOL) 142+142s)44 3
142 welTF (6.2003)
ST10F=1,0
14 I (IX( e 3)=IX(NsU)) 1U4F,1FQ, 1L
14& D2 150 II=1.9
CCc=S(I1.10)/S(10,10)
P(II=P(IT)~CC*P(10)
Dc 180 JJ=1+9
180 S(ITeJDISSUIT I )=rCeS(10.4J)
No 160 IIz1»¢
’ CC=5(11+9)/5(Q0Q)
N N PLIDISP(II)=CCPP(9)
. D0 160 JJuz=leb

L e

e 2 - T S
AT
RERE s o BTRL LSRR

Cc4




PART A — PROGRAM LISTING (Continued)

160 SUIT JJISSITITvJII=CCOS(90Ud)

¢ ADD ELEMENT STIFFNESS TO TOTaL STIFENeSS
16% DO 166 1=1.4
166 L2(I1=Z2¢IX (N 1) =2
De 200 I=1.4
DO 200 K=1,2
TI=LMIT) ¢RaKSHIFTY
KK=2elaeK
SIITISALLIT)+P(KK)
DN 260 Jz2}l.4
DC 200 L=1.2
JUSLY(U) sLelT01=KSHIET

. LL=2eJ=24L

B IF(JUJ) 200,200017%
i . 17% IFINC=JJ) 180+195:195
- v 189 WRITE (60200%) N

; . STOP=1.0

: 60 TC 210

168 ACII JJIZALTITIJI)#SIKK,LL)
200 CONTINUE
211 COMTINUE
c AND CAYUCENTRATED FORCFS WITHIM BLACK
. DO 250 N=ENLNM
!/ K22eM=KSHIFT
.' BIK)=A(K)+UZ (N)

259 BiK=1)=8(K=1)¢UR(}) i
¢ BOUNNARY CONDTTIONS &
c 1. PRESSURE B.C. ‘ %

1€ (MUMPC) 2600310, 60 :

267 DO 300 L=1.NUMPC :

1=1RC (L) j
SJRC L) ~
PP=PRIL)/Z6,
022(2(1)=2(J) ) ¢PP
DRz(R{J)=R (1)) *PpP
RX=2.NeR(1)¢R(J)
2X=R(11+2,0¢R(J)
IF (MPP) 262:264,262
262 Rx=3.0
Z):S.O
20u 11zze1=KSHIFT
JUz20 J=KSHIFT
IF (11) 2800200.26%
26% IF (11=HD) 27N¢270,280
270 SINAZO,0
COSAz=L,.N
IF (CONECT)) 271.272,272
271 SINASSINICODE (1))
C0OSA=COS(CODE (1))
272 P(11=112R(11=1)3RXv (COSA®NZ+SINA®NR)
BII1)=R(I1)=RY*(STrANZ=COSASDR)

280 IF (JUJ) 300+30n0,28%

28% IF (JJ=ND) 290+290,301

29n SINASN.O

CosSa=1.0
IF (CODE(J)) 291,202,292
291 SINASSIN(CODF (J))

sl
N
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.PART A — PROGRAM LISTING (Continued)

COSASCOS(CODE (J)})

292 RIJU=1)ZALII=1) 42X (CASASP2eSINASHR)

RLJUISR(JJ) =2X (STHAeNZ=COSANR)

300 CONTINUE

2. NISPLACEMEMT n,C.

317 DO 4NN MNLeNM

IF (M=NUMNP) 315,315.400

318 UsUR (M)

Nz2eM=1=KSHIFT
IF (CODE(M)) 390,400.3164

3le IF (COPE(MI=1.) 317,370,317
317 IF (CODE(MI=2.) 3lmsdonr, MR
31A IF (CORE(M)=3,) 39n,39C.300
370 CALL MODIFY(ARsND2sMRAND M, UY

6C To 400

380 CALL MODIFY(A+BeND2,VMARND M/ U)
A9 ysuZ(M)

HILS |
CALL MODIFY(AB/1D2,MAAND MU}

400 CONTINUE

u2n

(3. 1,)

w9n

501
200y
2004

N Fn

9n

JRITE ALOCK OF FQUATIN'S AN TAPE aMp SWIFT UP LOWER 8LOCK

WRITE (11) (BUN)s LA (Me») o MZ1 o MBAND) ¢ 2IS1 PND)

DO 421 N=1oNC

KoN+MD

A(N)=B(K)

B(K):0.0

DC 420 M=)1.ND

A(Ne¥)IZA(KM)

A(KeNIZ0,0

CHECK, FOR LAST PLOCK

IF (tM=NUMnNP) 60,4RCuR0

CANTINUE

END FILE 11

IF(STOP) 490.%50N.u4090

caLL EXIT

RETUPH

FORMAT (26HOMEGATIVE AGFA FLEVFNT m0, T4)

FORMAT (29HORAMD WIDTH EXCEENS ALLAWABLE Iu)’

END
2 QUAR

SURROUTINE GUADIMsVOLY

COMMOMN NUMNP ¢ NUMEL o [ UMMAT o NUMPC o ACEL 2 0 ANGFQ'”'ANDrTE"’O"TYPEOGONP.
1 HED(12)eE(BsRe1Z),ROC12) ¢ XXNHIL12),R(9NN),7(900) YR(I00) UZ(900) ¢
2 CODE(G00)+T(900)sIRC(PNO0) ¢ JBL(200),PR(200)» ANGLE (8)

COMMOM ZARG/ PRR(S5),222(5)0S(10010),Pi10),TT(4)eLM(®)sDDIIeI)>
1 HH(Re10) sRR(G)Z2(6)sC(4o8)sHI6110)s0(606)¢F(6030)0TP(6),XI(10)
2 JEE(T) o IX(BO0S) EPS(EON)

COMMOM ZBAHAPGZ MDDt 1UARLKR(INB) 2 A L1108, 58)

CovmMnr /PLAMEZ NPP

I=IX(N, 1)

JEIXIN,2)

K2IX{Me3)

LIIX(thn)

MTYPEZIX(NS)

IX(NIS)IZ=IXNINISD)

FORM STRFSS=CTRAIN RELATIONSHIP

TEMPZ(TII) 4TI ATIK)«T(L)) /4.0

DO 103 M=2,8

e ey

o et CTRER s o0 W

f T, W

-

LA
Bl




PART A — PROGRAM LISTING (Continued)

IF (ECMy L MTYPEITEMP) 1031040204
103 CANTINLE
104 RaATIF20,0
DENZE (Mo ] yMTYPE ) =F (M=1¢ 1 1 ¥VTYPE)
IF (DEN) T00T4070
TA RATIAZ(TEMP=E (Mu],1,¥TYPE) ) /NEL
71 DC IP% [XZ1e? .
108 EF(KP)ZE(M=] XKoo MTYPE ) SRATION (E(ViKK41 s NTYPE)=E (Mog sk Ke] ,MTYPE)) .
TEMP=TEMP-Q
EPSR=EF (T /EE ()}
IF (TPSR=FPS(N)) 1ne s 10A1ING
108 RATIOS(EE(T) Z(EPSINYOFE(1)))a(1.0=xXNIMTYOE) ) +XXNN{MTYPE)
EF(1IZEE(L)ePATIO
EE(NISEECYIORATIO
108 CONTINUE
fIF (MPP) ALIBAIAY
fu XYZEF(1)/ZEE(LD)
COMMSEE (1) /7 (XX~FEF (D) e8?)
C(1+1)2COVMBXYX
Ct1+2)2COMMOEF(2)
. Ct1.2)20,.0 i
¥ Ct2:1)2C112) i
Cl2+2)2COMM
7/ Ct2,.%)20,0
v C(3:1)20,0
Ci3+2120,0
C(3:2)20.0
Ctuet) =, SeEEL1 )/ (XX4EE(2))
6n T RS .
— . 86 C(1+1123,0/EE(1) :
Y C(led)z=EE(2)/EE(])
: ’ Ctle3)==EE(4)/EE(D)

P R B RN A

ey ae v

" Ct2¢1)2C1192)
i Ct2:212C(301)
Ct2.20)2C(1.2))
CtYe1)=C(10 ) K
C:3212C(2:3) N
Li3eM)IZLLO/EE(D) :
CaLlL SYMINVIC.I)
r(“0“):::‘1)/(2.0‘2.0.FE(?)’

Nn 110 M=1,3

ST PUMISU(C ML) *C (M, 2))eEE(S)eCIMIN)IeFE(S) ) o TEMP
(o FORM QUANRILATERAL STIFFHNESS MATRIX
SASIS(R(TIORIS)I SR (KIIRIL)IZ4,D

ZARIS(ZILI 2L 42(K) 4211 ) ) /5.0
DO 94 M=1,4
MV=IY (*oM)
1K 3) 93,89,93
8% IF  i{mM)) 93.91,93
91 R(Mm)=,01¢RRR(S)

Ie COPEIMM)) 93,92,9%
92 C,. !MM)21,0
Q3 RAR(¥)ZR(MM)
9y 2221v)=2(MM)
Do 1NN Ilstein
P(I1)=0n.9

. 0C 95 JJ=1.6
'3 9% HM(JJe11)=20.0

Bl LIS el enT
2

I

.




T AT TTWOmpwTT T T T

- —

i

e
Y

N A QP gy ot oI | 0 Tt

- s 1 TS -

e

100

i1n
12n

12%

14
130

GN Fn
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9n
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PART A — PROGRAM LISTING (Continued) ¢ )

D0 1¢0 JJ=1.10

StI1.JU)=0,0

DO 119 TI=1.4

GISIYI(NSTID)

ANGLF (T 2COCF (JU) 207,

IF (K=l) 12%:,120,12%

CALL TRISTF(1+2.3)
RPAIR)IZ(RRA(L1)*PRP(D)I+PRRR(3))/3.0 i
22Z2(5)12(222(1)4272(2)+272(1) ) /73,0 ,
voLsyIty) . ‘
50 TC 130 .
vaLs=n,.n :
CALL TRISTF(4s1,5) . ]
voLzVOLeXI (1) i |
CALL TRISTF(1+2+5) ¢
voLzVOL+XI (1) . \
CALL TRISTF(2¢2.5) '
veLsval +X1(1)

CALL TRISTF(X.4,5) {
veLavoLexXItl)

DC 140 112146

DO 149 JJ=1.10

HR(TTeJJISHHIT T s O st 0

RETUPR!

gno
R TRISTF .

SURROUTINE TRISTF(TIJJeKK)

CAVMMEH NUMNP s NUMEL o “UMNAT s NUMPC o ACEL 2 ¢ ANGFQ » MBAND » TEMP ,MTYPE s Q¢ iy

1 FED(12),E(Re8012),RO(12):XXNNEI2)eR(D90),21900)2UR(900) ,U2(300) .
2 CODr(eg0)»TI000) 1. Ci200) o JRC{20N) ¢ 2R 200y o ANGLE (4) — 1
COMMA ARG/ RRP(S)4272(5)1o5(100e1N) o 2(10),vT(8) 2 L.M(4)DD(3+3) :

L HHUE 10D e RRIGI0ZZ(4)oCLUIL)oHIGIN)oDtOeg) o FLEH210)eTP(6)XI(10)
2 +EE(T) IX(B0N5) 1EFS(RON)

cCoMMCN /PLANEZ YPP

1. INITIALIZAYION

Ly =1t

Le(2)zUd

LM(3)2KK

RO(JISPRRIID)

RR(2)=RRR (JJ)

Re(3)=PRRA (KK)

RP(UWIZRRR(TII)

221(1)=222(11)

ZZ(2)=222(J4J)

272(3)2222(KK) i
Z2(4)=222(11) .

DE 100 I=1.6 ' a‘
DC 9¢ J=1010 ¢ e
F(l.J)z0,0 | ¥
H(1,J)z=0,0 . :
00 10N Uz1+6 .
D(leJ)=0.0 i

3. FOOM INTFGRALLr)TeIC)®(G)

CaLl IMTER(XI.RF,22)
D(2¢67=XT(1)0(C{Le2)47(2:2))
D(3e5)=2x1(1)0Cluoly)
DIS,SIXT(Y)eC(hou)
D(6e6)I=XI(2)eC(2:2)

ﬁ:
%
!
§
’
g
4




AMCP 7008-448
i ( ] PART A — PROGHAM LISTING (Continued) \
T
§ IF (NPP) 1040106+104
; 104 Dt2,2)2X1(1)0CY,))
DEYeTIZNT (20 (4o
‘g GO To )08 '
106 DU1e1)2XT(I)eCiN, )
} DCEe2)2XE(2)0(CMLe3)er(N,y))
K D(1oX)ZXI(R)eC(3,3)
; ; DI1s6)=XI(2)6C12,9)
i ¢ D12+2)2XT(1)01C1101)¢2,00C11,3)4C(%,3)) .
: 4 D(203)=XT(U) 0 (C(103)4C(3s8)) P
! ‘ DE3eXI=XT(6)0C 33 4XT (1) eCllol) §
4 DU3r6)zXI(4)eC(2,3) :
. 10 DO 110 I=1.6 C
) . DO 110 Jzl,6 H
§ 110 D(UrT)20(T,d) P
v ¢ 4. FORM COEFFICIENT=-DISPLACEMENT TRANSFORMATION MATRIX {
: . ccun:n«anczzw)-nn)una(uuznz)-ﬂu))mman(zmn-mzn o
' : . DN(1+,1)2(RRI2)E22(X)=OR (31 422(2)) /-0uM 3
z ‘ oou.a)npntm'n(:)-nmntzzta))/cow o
t ; DL(1+3)=(RRUIIPZZ(2)=RR(2)%22(1))/COMM !
> D0(2,1)2(2202)=22(%)) 7COMV 3
‘ DD(2,2)2(22(3)=22(1)) /7COMM ,
X ‘ D2+ 3)2(2201)=22(2)) /7COMN ,
¢ DO(3+1)2(RRI3I=PP(2)) /COMM b
F v DD(3+2)Z(RRI1)=FR( %)) /COMM i
‘ ON(3:3)2(RPI2)=RA (1)) /COMM )
DO 120 I=1,) . 5
: Jz2slM(l)~y ;
; H(1.0)20Dt1e 1) :
L ’a
: H{2.4)200(2.1)
. * HIX J)2DD(3e]) -
H4,J+1)=0D(1, 1) ‘
H(SsJ+112CD2. 1) ]
120 H{61J41)=0D(3+1) " 1
¢ ROTATE UNKNOWNS IF ®FAUIIRED K
DO 12% Jsi,2 5
I=LMty) ‘ ¥
IF (AMGLE(T)) 122,12%,125 )
122 SINASSIN(ANGLF (1)) Ty
COSA=COS (ANGLE (1)) 3
lys2e1 R
D¢ 126 K=1.6 ,
TEMZMH(K, I J=]) N
H(K.!J-l):TENoCOSAoH(K.!J)'SINA

124 HiK,TU) T ~TEM‘SYNA§H(K.1J)‘COSA
12% CoNTINUE
c ¢ FORM ELEMEMT STIFFMESS MATRIY ) Teiryn(H)
Do 130 J=1.10
00 130 K=t,6
IF (MIK,J)) 1284130,120
128 DO 129 I=1+6
129 F‘!0d)=‘(,'J)‘D‘!OK).H(KOJ,
13n CONTINUE
0O 140 I=1.10
DO 140 K=1,6
IF (MK, 1)) 138,140¢13¢
138 DC 1Y J=1,10
13a S(l-J):S(l-J)oH(K.x).rcn.u)
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400
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PART A — PROGRAM LISTING (Continued)

CONT '™ g

6. FORM THERMAL LpAn MATRY
IF (hPP) 14%,150,)4%
TT(3M=0.0
COMMZXT (L) eEL (1)
S{2:9)25(9,9)+COwW
S{10,10)2S(10,10) 4NN
COMMERO(MTYPE ) ¢ ANGF( 00
TP(11=COMMeXT(T?) o X[(2)1eTT ()
TPL2)=COMMOX]I(9) + XICH) e (TY(L)+TT (M)
TP(3)1ZCOMMOXT(10)4 XT(u)eTT(Y)
COMMZ=RO(MTYPE ) s ACFL 2
TP (u)=COMVeX]())
TR(%)2COMMeX] (7)
TR(A)IZCOMMEXT(B) +X1(1)aTT(2)
DO 160 121,10
0N 169 Kz21,8
PIIZPlI eH(Ks [ aTD(y)
FORM STYRAIM TRANSEQORMATION MATRIX
DG 410 I=1.6
De 41n Y=1.1n
HHET v JIZHHT oY) +H( T, U)
RETURPH
END

RN FAR SYmMINY

10n

11n
i2n
tun
156

200

SUBROUTINE SYMINV(A,NMAY)
DIMENSION Afb,4)

CO 200 HNI1/NMAX

DAyt

OC 100 J=ti.NvVAX

AINsJ)Z=A L) /70

DC 150 I=1.NmAX

IFIN=T) 110+1%0,110

DO 1un U=y NMAX

IFIN=J) 120+140,)2n
A(Iod):&(!od)’klIoN)iQ(Ho))
CenTtrnE

A(I+H)=ACY NI /D
A(NIMNI=Z1.0/0

CONT INUE

RETURN

END

ON Far [NTER

SURRCUTINE INTER(XI,RP,22)

DIMENSION RR(l)oZZ(l).Xl(i)o!ﬂtb).n(b).l(ﬁ)rxlte)
COMMON /PLANE/ NPP
DATA (XX(I)ol1=1sh)/3eY,0,303,0/

CoMM:RR(z)‘(Z’(E)-zz(\))0RR(1)t(27(2)-?213\DORR(3)0(ZZ(1)'ZZ(2))

CoMM=COMM/ 24,0
R(11=RR (1}
R(2)=RR(2)
R(3)1=PR(3)
RIGIZ(RIL)I+R(2) )72,
RISIZ(P(2)eR(3)) /2,
RIGI=RIZI+RLL) Y /2,
21112221
212)=22(2)
2(3)1=22¢(3)
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3n
AL
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PART A — PROGRAM LISTING (Continued)

ZLu)=t2¢1)42(PV)Y /2,
ZIS)=(Z2(2)62(3))72,
2i6)=(2(3)e2(1))/2,

IF (1PP) 10030010

Ne 20 121.6

Xav(lyexxer)

GO 10 40

DA 3% I=1+8

Xv(1ISXX(T)eR (D)

Do %0 I=3.10

Xt(11)=0.,0

00 100 12146
X1C1)SxT(1)eynl])
XI(PixnItM)ente(lden(t)
XI(R)ZXT LAY +XMITI)e2(])
XI(Q)I=XI(Q9)eXMITIOR (1) 002
XTU10)2XICL0)+XM (T en(T)o2(])
IF(RI1Y LT, 1,F=10) 50 TO 190
Xj(2ysxg(2)+yvtli/zeey)
XIiMSXI () exMITI/Z(R(T)ue?d)
XT(U)ISXT (W) oXMII)e2 () /RLT)
XI(SISXI(S)+xM(T)e2(1)/(R{T)0e2)
XU(RIZXTI (O 4XMITIe2 (1) 0a2/(R(TYee))
CAMT INUE

bn 180 I=1.10
XI(IISXT (1) eCOMM

RETUPN

EnD

PN FAR wONTFY

23n
238
249
251

SURROUTINE MONIFY (A, EQsMBAND N, U)
DIMEMSION A(INA&U)Y,A{108)
Do 2%0 M=2.MRAND

KzN='\4]

IF () 235,235,230
RBIKIZR(K)=A(K M)y
A(KM)Z0.0

KzMerie]

IFINEQ=K) 250,240:240
BIK)ISR(K)I=A(NIM) o)
A(N/MIZ0L,0

CeNTINUE

A(Me1)=1.0

R(M)=H)

RETUPN

€nd

PN FnR RANSOL

C
C
10n

SUAROUTINF BANSOL

COMMEY /BANARG/Z MM s iptalk R (10A) A LINR,S4)
NNZSG

NL=NMN+ L

HHENMeMNN

REwWIMND 11

REWIND 12

NR=z0

G0 TC 190

REDUCE EQUATIONS AY HLOCKS
1. SPIFT RLOCK OF EQUAYIONS
NRp=NFE+1

AMCP 708448
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12%

15n

200
22+

25n

27%
30p

I

40~

uaw
4849

47

S50n

60n

PART A — PROGRAM LISTING (Continued)

OC 128 Nz21 NN

NAINS 4

BIN) = (NM)

BINM) 20,0

00 12% Mz ,Mp

AlMaVv) ZA(NM, M)

A(MMYyM)Z0,0

2. RYAD NEXT ALOCK oF §QUATIONS INTO CARE
IF (NUMBLK=MR) 1%C,200, )80
REAC (11) (BIND» (A QIM) M=, M) o N2t L ,NH)
IF () 200,100,200

3. AEPUCE RLOCK OF LaLATIANS
0O 300 Nz1eNN

IFLAINGL)) 22%0300,20%

BIN)Z PIN)/ZA(INGY)

DO 27% L=2.,Mm

IFtatetal)) 2300270, 230
CZalta L} ZA (N YD)

IzNel =]

J20

LY 2%0 KzL,Mmp

JSJ¢)

Ao za(T o d)=Con(r,K)
BET)zn (L) =A(N,L)YSR(N)
A(NoL)=C

CONTINUE

CONTINUE

4, WRITE ALOCK oF REDUICED FQUATIONS oM TaPr 2
IF (NUMRLK=NR) 378,400, 375
ARTIF(12) CALND o (AN p Az g MM) y N= 1,t)
69 TC 100

BACK=SUQSTITUTION

Do us0 M=1,NN

NSNI+1=M

DC u2% Kz=2,Mp

LaNeK=1
G(N)=9(N)-A(L.K)'R(L)
NMIZN+NN

B{(NM)ZR (N)

A(NMINR)ZAR(N)

NRzNA~)

IF (NA) 475,800,475
BrCKSPACE 12

READ (12) (BIN)o(A(I,N) ,M22,MM) ,N= 1 oNM)
BACKSPACE 12

GO TO 600

OPDEP UNKNOWNS IN p APPAY
K=o

DO 60N Ng= 1, NUMALK

DC 60N Nz, NN

NMEN+MN

KoK+

BIX)IZA(MNMINR)

RE YUPN

EnD

ON FAR STRESS

C12

SUBROUT INE STRESS

COMMON NUMNP.NUNEL.HUMNAT.NUMPC.ACEchANGFG.MBANO.TEMP.NTYPEoGoNP.

Y‘-




PART A — PROGRAM LISTING (Continued)

L REDCL2)eE(BeFs12) o ROL12) 9 XXHUNIL2) ,RION0),2(9NN) s UR(S00) »1J2(900) ¢ "
2 CONE(Q00)»T(O00), T1.C200)+JNCI20N) ,PRI20ON) IANGLE(L),ST18(10) i
COMMON ZARGYZ RRA(S) o 222(5)+S(100 1) ,0C10),YT(U)sLM(4)ND(N13) e ‘j;
L MHGEr10) sRR(U) 0 2Z(0u) o CLUoU) MG IN)  DIBIB)YIFIB/10)eTP(B) s X1(10) 5 {
2 WFECT) IX(ACNES) s EESLAOD)
COMNAN /BAMARGYZ NDWtII*PLKsRILINDA) s AL INA,B4)
CoMVOr /PLANE 7 HIPF
o COMPHTE ELEMENT §T~esGeS

XKE:0.0
XPE=N.0
MPRIH T2
DC 3INO Mz MNUMEL
Naw

* IN(NeS)IZTIABS(IRIN,®))
MYYPEZIX(M:S) A
Call QUAD(NsvVOL) #
In(NeS)ZUTYPE N

. 0c 1720 Izl B
[122e!
JJS2¢TX(NT) . i
PlIl=1)2B(JJ=~}) i

120 P(11)=alud)
Do 1% Is1.,2
RR(T)=F(1+8)
DO 150 K=1,A
150 RR(IIZARR(I)=S(I+B8sK)*H(K)
CevMzZS (9,908 (10,10 ~(Ys10)eS(10.,0)
IF (FOMM) 15%,160¢1%%
( 158 P{Q)Z(SIINIIN)*RRIL)I=S (0,1} «RF (D)) /COM

. . e
oy B w5 g w5

. 1 g

EY

P10)1=(=S(10,0)8RP(1)45(Q,0)¢RR(2])/rOuM : (
6N TC 165 ; l
160 P(9120.0 -
P(10)=0.0
; 16% DO 170 I=1,6 _
f TR(I)=0.0 ‘{
R DO 170 K=1.,t0
‘ 170 TR(IISTPUT) +HHIT K ) P (V)
RR(11ZTP(2)
RR(2)STP(S)
RR(3I)Z(TP(L)+TP(2)%RRA(5)+TP(Y)e222(%))/NPALS)
RRIGIZTR(I)+TO(S)
174 DC 180 I=1,3
SIGII)==TT(I)
DO 1AD K=1.)
180 SIG(I)I=SIGIII+CUT k)RR (K)
SIGLU)I=ClUs4)oRR(4)
c CALCULATE ENERGY TFRMS
De 250 I=1.,10 A
ceMM=0,0 o
DO 200 K=1,10 :
20n COMMSCOMMS(I,K) P (k) .
250 XPFE=XPE+COMMsP(]) Co
XKESYKE+VOLSROIMTYPE )+ (P(Q)#edeP(1N)esD) S

>

) S

C CALCULATE EFFECTIVE STRALM
IF (NPP) 2%1.252,25)
251 RP(3)==(SIG(1)4SIG(2))«EF(2)/EE(])
252 CC=(PR(1)+RR(2)1/2,0
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ANCP 708448
PART A ~ PROGRAM LISTING (Continued).

: CRZSORTL ((RR{2)=RR(11)/2.N)ee2 + (RP{UI/P,0)002 ) 5
] RF (1)=CCoCR &
4 HR(2)2CC-CR %
A EPS(MNIZSQRT{(ARI]1)=RR(2)1)+ €2+ (RR(1)=RR(3))w¢2+(RR(2)=RR(3) ) *%2) 5&
o 1 ¢.7N7/7(1.0¢+ES(2)) k'; !
I ¢ SUTPUT STRESSES 3
= < CALCULATE PRINCIPAL STPESSES s
3 CC=(S1G(1)+51G6(2)) /2,0 .
r CRaSERT(({SIG(2)=S1G(1))/2.0)982 + SIG(4)2e2 )
L SIG(S)=CC+CR

S16(m)=CC-CR
f S1G(7)22R .64 ATAND (2, 9STG(4) ¢ ISIG(1) =816 (2)))
L ¢ STRESSES PARALLFL To LINE T=
v I=IX(N. 1) . 3
. JzIXet2) o y :

ANGE2 . #ATANZ (7 () =2( 1) sR(JI=R(1)) = |
E CAS2A=COS (ANG) T - ;
SN SIMN2ATSIN(ANG) '

CX=. S (SIG(1)=SIG(2)}) ' y :

SIG(RI=CX+COS2A+S1G(4) +SIN2A+CC i
SIG(N)=2.%CC-SIG(R) ;
SIG(1N)==CX*SIN2A4SIG(4) «COS2A !
IF (11PP) 103,106,103 ‘

1% SIGIMZEE(4)*P(9)
SIG(1N)ZEE(4)+P(10)

10u IF (MPRINT) 110,105,110

10% WRITE (&+2000) : 1

. MPRINT=50
1in MPRINT=MPRINT-1 ’ -
30% WAITFE (€+2001) MyRRR(S)122Z(S)r(SIG(I)sT=1+10) » :) i

e T Tl L TR T

T L T T T e

300 CONTIMNUE

TF (YKE) 310.320,310 2 ‘
- 310 W2SQRT(XPE/XKE) : ’ - !
WRITE (6,2006) W !
322 RETUPM ‘
200N FOPMAT (7HIELLMNO, 7X tHR TX I1HZ 4X R4YR-STRESS 4X BHZ-STRESS uX
1 AHT~STRESS 3X OHR?-STRESS 2X 10HMAX=STRESG 2X 10HMIN-STRESS 1
2 37H ANGLE IJ=STPESS JK~STRESS SHE AR ) ' : i
2001 FORMAT (17,2FR.2,1P6E12.4,0P1F7.2,1P3E10,2)
2006 FORMAT (36HOAPPROXIMATE FUNDAMENTAL FREQUENCY = E12.5)
ENnD

C-14




i § AMCP 706445
BN &
3 R PART B — INPUT DATA
3 H
? ‘ The following is a description of the input First Card — (218, 2F10.0)
] ! data used to describe the problem to the Columns 1 — 5§ Materials identifica-
\ . computer: tion — aay number from 1 to
: 12.
! A. IDENTIFICATION CARD — (72H)
¢ 4 6 — 1¢ Number of different
‘ Columns 1 to 72 of this card contain temperatures for which prop-
information to be printed with results. erties are given — 8 maximum
? B. CONTROL CARD — (415, 3F10.2, 11 — 20 Mass density of ma-
215) terial
1 _ Columns 1 — 5 Number of nodal points 21 - 30 Ratio of plastic mod- "
(900 maximum) ulus to elastic moduius «*.’{3‘3
3 , 6 — 10 Number of elements Following Cards — (8F10.0) One card
b i (800 maximum) for each teraperature
11 — 15 Number of different Columns 1 — 10 Temperature
materials (12 maximum)
11 - 20 Modulus of elasti- ;
16 — 20 Number of boundary city — £, and E, "'—4
pressure cards (200 maximum)
21 - 30 Poisson’s ratio - »,, :

21 — 30 Axial acceleration in p !
the Z-direction 31 — 40 Modulus of elasti- o
city — E,
31 — 40 Angular velocity
41 — 50 Poiston’s ratio — Vo, .
41 - 50 Reference tempera- and v, , R
ture (stress free temperature) :
51 - 60 Coefficient of thermal

51 — 55 Number of approxi- expansion — «, and «,
mations
61 — 70 Coefficient of thermal
56 —60 = 0 Axisymmetric expansion — o,
.- analysis

71 — 80 Yield stress — o,

= 1 Plane stress analy-

sis D. NODAL POINT CARDS -~ (215, F50,
5F10.0)

C. MATERIAL PROPERTY INFORMA-
TION One of the first steps in the structural
analysis of a two-dimensional solid is to select
The following group of cards must be a finite element representation of the cross
supplied for each different material: section of the body. Elements and nodal

C-15
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points are then numbered in two numerical
sequences each starting with one. The follow-
ing group of punched cards numerically
define the two-dimensional structure to be
analyzed. There is a card for each nodal point
and each card contains the following informa-
tion:

Columns 1 — 5 Nodal point aumber

5 - 10 Number which indi-
cates if displacements or forces
are to be specified

11 — 20 R-ordinate
21 — 30 z-ordinate
31 - 40 XR

41 - 50 XZ

51 - 60 Temperature

If the number in column 10 is

0 — XR is the specified R-load
and
XZ is the specified 2Z-
load.

1 -~ XR is the specified R-dis-
placement and
XZ is the specified Z-load.

2 - XR is the specified R-load
and
XZ is the specified Z-dis-
placement.

3 — XR is the specified R-dis-
placement and
‘XZ is the specified Z-dis-
placement,

All loads are considered to be total forces
acting on a one radian segment (or unit
thickness in the case oi plane stress analysis).
Nodal point cards rmust be in numerical
sequence. If cards are omitted, the omitted
nodal points are generated at equal intervals
along a straight line between the defined

nodal points; the necessary temperatures are
determined by linear interpolation; the boun-
dary code (column 10), XR and XZ are set
equal to zero.

E. ELEMENT CARDS - (615)

I. Order nodal points counterclockwise
around element.

2. Maximum difference between no lal
point ID must be less than 27.

One card for each element
Columns 1 - 5 Element number
6 — 10 Nodal Point /
11 — 15 Nodal Point J
16 — 20 Nodal Point X
21 — 25 Nodal Point L
26 — 30 Material Identification

Element cards must be in element num-
ber sequence. If element cards are omitted,
the program automatically generates the omit-
ted information by incrementing by one the
preceding I, J, K, and L. The material identifi-
cation code for the generated cards is set
equal to the value given on the last card. The
last element card must always be supplied.

Triangular elements are also permissible,
they are identified by repeating the last nodal
point number (i.e., I, J, K, L).

F. PRESSURE CARDS - (215, 1F10.0)

One card for each boundary element
which is subjected to a normal pressure,

Columns 1 — 5 Nodal Point /
6 — 10 Nodal Point J

11 — 20 Normal Pressure

NORMAL PRESSURE

As shown above, the boundary element
must be on the left as one progresses from /
to J. Surface tensile force is input as a
negative pressure. '
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AMCP 706-448

INPUT FOR A TYPICAL PROBLEM

SAMPLE SAlAT= EMND PRESSURE
“Sa 390 3 3
1 10.0007289 1.0

v » 10.0002%3261.0
0.0 10000000, 0.33 10000000, ".3% 1. 1. 100000000,
h) 10.000084111.,0
0.0 170000, 0.49 170000, N.49 1. 1. 100000000,
1 10.0 0.0
4 «62% 0.0
% 10.0 0.1%
a «.H2% 0.1%
° 9 10.0 0.38
12 625 0.35%
1 10.0 0.55
1e «625 0.5%
. 17 10.0 0.7%
an 625 0.75%
21 10.0 0,95 . :
2u 625 0.95% o
2% 10.0 1.15 - 1
29 625 1.15 '
20 11.0 1.35
32 625 1.3%
33 10.0 1.58%
36 .625 1.5%
37 10.0 1.75 .
_ 4n .625 1.75 '
' 41 10.0 1.9% ;
—— 4y 625 1.95 .
: us 1n.0 2.15 %
4 +62% 2.1% -“-‘-—i
49 10.0 2.3%
52 625 2,35
53 10.0 2,55
56 .F25 2,55
57 10.0 2.7%
60 «625% 2.75
61 10,0 2.95
64 «62%5 2.9%
. 6% 10.0 3.1%
6p .625 3,15
60 10.0 3.35 s
T4 .87% 3.35 -
A 12:5 3.35
8u 1C.0 3.55
87 «H25 3.5%
89 0.94375 3.55%
99 1.2 3.55
9% 12.5 3.5%
10% .625 3.7%
10y 1.012% 3,75
104 1.2 3.78
111 12.5 3.7%
112 10.0 3,95




AT AW

11w
1le
11ln
120
1?76
12>
13n
13>
13
134
lun
14y
144
lue
14~
14e
154
158
1%a
161
162
164
16¢
17
17
17¢
17
P -~ 174
1Ry
184
18~
19n
19y
1Q2
197
19a
201
204
206
208
21>
219
21k
22n
221
222
224
227
23
23u
23¢
235
2un
24
244
248
251
257

R e e ey L T T T A r—

N e K ——————

C-18

€29
0.8
1.0A8125%
1.4
12.5
10.“
625
1.0
1.15%
1.40
12.5
10-0
«H2S
1.0
1.2187%
1.4
12.%
10.0
+625
1.0
}1.287%
1.6
17.5
1°.0
«H25
1.2
1.3%02%
l.6
12.%
1°,n
h2%
1.2
1.425%
1.6
12.%
1n.0
+62%
j.2
1.4937%
1.8
12.%
ln.ﬂ
«h2S
le4
1.5625
1.8
12.5
10,0
«h25
1.4
1.63128
1.8
12.5
1.0
628
1.4
I.’
2.0

INPUT FOR A TYPICAL PROBLEM (Continued)

J.0%
3.9%
.08
3,05
.05
4.1%
4.15
4,15
4.1%
4,.1%
4,18
4.3%
4,3%
4.35
4.35%
4.3%
4,358
h,5%
4,58
4,55
4.55
4,55
4,58
4,78
4,75
8,75
8,75
4,758
4,7
4.,a8
4,9¢c
“095
“.95
4,q%
“'95
5.1%
5.15
5.1%
5.18
5,15
S.1%
$.35
5.25
5.35
S5.38
S.38
5.35
5.5%
5.8%
5.55
5.5%
S.%5%
5.5%
5.75
5.75
5.7%
5.7%
5.,7%

25%
2%,
250
264
26S
264
2560
270
F3A
27a
27
280
283
284
28"
292
29y
294
29r
29a
302
Jon
300
31n
312
313
314
322
32n
324
326
327
339
RATY
33a
dun
Suyg
3uy
3%
352
ISy
3%n
35
36
364
ALY
Jen
372
LR A
37¢
377
341
LT3
38
38
3Ap
3Ae
392

12.5
10.0
' 629
1.6
1.7647%
2.0
1 2.5
10.0
62%
1.8
1.8375%
.0
12+5
10.0
+625
1.6
1.9062%
7.2
12.5
10.9
625
1.8
1.07%
2.2
12.5
10.0
+625
1.8
2.04378
2.2
12.5
10.0
+629%
1.8
2-112%
12.95
1¢.0
0.625%
2.0
2.1812%
12.5
10.0
«52%
2.0
2.2%
12.9%
10.0
625
1n.0
+629
10.0
625
10.0
+625
10.0
628
10.0
6295

S5.7%
S.0%
5.9%
S5.69%
5.0%
5.9%
5.9%
6.15
6.15
6,198
6.1%
6.1%
6.1%
6.3%
6.35%
6,.2%
6,3%
6.35
6.15%
6.59
6.5%
6.5%%
6.5%
6.5%
6,5%
6.7%
6.7%
6.7%
6.7%
6.7%
6,75
6.9%
6.9%
6.9%
65.9%
6,95
T.1%
7.15
7.15%
7.1%
7.18
7.3%
7.3%
7.35%
7.3%
7.35%
7.5%
7.5
T.7%
7.7%
7.95% .
7.9%

"8.18

8.1%
8,35
8,35
8.5%
8.5%

LT
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Jas
394
3a9
40a
uny
4Ny
(131 8
40a
400
'S B
il
4la
(%
W2
w2y
424
42s
w2
4aa
432
4
434
43
LY
huy
Hhux
Luy
LYY
wu-
Yuo
W&
45y
48
UL
LSu
4558
455
(354
454

19
1
14
10
2?
2%
2e
3
b T"
37
“n
[} ]
Yk
ua
52
L

10,0
«H2%
1.0
H2s
10t.0
628
10,0
625
ir,.0
625
1.0
62%
1¢.0
62%
10.0
« 529
1f.0
h2%
in,Q
6H2%
10.0
0.562%
10.0
0.%
16.0
0 4375
10.0
378
10.0
fe312%
1¢.9
0.2%5
1n.0
C.1878
15.0
' 25
1r.0
n.062%
n.0
: 2

13 14

21 22
25 26
20 %¢
3 3u
37 38
i 42
45 'Y
49 50
€3 5S4
€7 sa
61 62
65 66
69 70
72 73

INPUT FOR A TYPICAL PROBLEM (Continued):

1n
14
1
22
26
30
34
M
42
48
S50
sS4
SA
62
66
70
a%
Ha

9.1%

N-‘u‘b‘t‘nb‘-‘b‘o—-‘r‘ﬂnu‘—-r‘”r‘

3
K0
on
69
1A}
Ta
82
LI
as
o
9
99

109

107

111

11

120

123

12%

127

134

1

luy

142

LY

151

158

161

16u

168

159

178

17a

18

1A

180

192

197

200

209

21n

21

21n

219

22%

224

2N

23%

23a

2%y

2448

<%

25+

2%7

260

26"

2598

27

L)

s

as

ar

A

on
101
103
103
112
1%
118
119
127
10
133
j1ul
jus
147
w7
1%9%
198
162
163
170
173
177
184
197
191
17
19A
201
206
207
213
216
221
227
230
235
235
241
244
2%0
251
246
259
265
270
273
279
279
204
297
2694
29%
299

%

76

8%

a8

a0

99
102
118
106
113
116
119
120
128
1381
138
142
1605
162
147
156
1%9
163
164
171
174
178
18%
188
206
192
199
202
207
208
214
217
222
228
231
290
236
2ue
24%
251
2%2
2%7
260
266
2N
27
294
280
28%
288
299
296
300

a9
90
99
102
104
113
116
117
119
128
133
13
134
142
145
1un
150
159
161
16Y
1M
174
17
17
10%
1848
192
199
202
20%
207
214
217
221
222
228
231
236
282
F{1.]
249
251
257
260
26%
266
an
27
280
209
228
293
295
30
301
oo
310
e

an

98
101
10V
11?
112
117
114
127
130
13%
133
141
144
147
15%
158
161
162
170
1?3
177
17
184
1A
191
198
2m
2n0¢,
205
213
F3LY
2”7
221
2727
230
23=
auy
{1
2uaQ
2%
256
2%9
265%
26%
270
M
2Mm
284
2A7
29)
294
290
302
30
309
31)

) oo (g N o= G N e NN e SR 2
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27
s 281
% 20
b ae~
y 2%
§ 29¢
% 2%
. 29a
* 304
i 300
-t n
i * 3
} 32"

324

32~
P 3%
x 33y
334
331

34

3ux
3un
351
3Su
38
360
36%
: 364
| 36N
i 372

. 37a
) 3an
381
381
3ag
384

[
e 4
~

C-20

2
e
e
31e
323
323
A1
327
0
A
Ju)
Wy
182
A5%
369
73
377
hLD
IR5
189
393
197
4oy
405
ura
w1y
w17
w21
u2s5
urQ
433
37
w39
4yl
4y
4y?
448
4s0
452
(L1

AL
310
Mo
iy
338
Jau
328
328
33
339
Wwe
A1)
353
3%e
310
3
37a
1a2
3f6
390
A1
398
402
406
410
4l
418
w22
u26
430
434
438
440
442
uys
['1'Y. )
449
451
4353
45s
48?7

N7
J2u
az2n
M

3y?
dia
310
3ue
s
3532
3%6
359
37
370
374
31
382
3an
390
3on
39a
402
u0e
41n
4iu
41A
422
426
430
uly
URY:)
44?2
“wyy
wys
uyn
“%

451

“s3
458
487
458

1000,0
1000,0
1000,0
1000,0
1000.0
1000,0
1000,0
1000,0
1000.0
1000.0
1000,0
1000.,0
1000,0
1000,.0
1000.90
1000,0
1000.0

e
32°
327
3an
LY
AR
ANT]
LS
Juy
3s2
iy
354
bLY Y
369
37T
3
32
3AE
3aaq
393
397
40y
495
una
413
417
w21
425
420
ulty
437
Q4
4uy
44y
uuy
uSg
s
452
454
45¢
4sa

[l el ol e il e e e PR N P R R R L 7L

INPUT FOR A TYPICAL PROBLEM (Continued).
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PART C — ADDITIONAL REMARKS
AND OUTPUT DATA

A. MATERIAL PROPERTIES

Material properties vs temperature are
input for each material in tabular form. The
properties for each element in the system are
then evaluated by interpolation. The mass
density of the material is required only if
acceleration Icads are specified or if the
approximate frequency is desired. Listing of
the coefficients of thermal expansion are
necessary only for thermal stress analysis. The
plastic modulus ratio and the yield stress are
specified only if nonlinear materials are used.

B. SKEW BOUNDARIES
If the number in columns 5-10 of the
nodal point cards is other than 0, 1, 2 cr 3, it

is interpreted as the magnitude of an angle in
degrees. This angle is shown below.
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The terms in columns 31-50 of t-- »odal
point card are then in* -~ - . 4o ¢

XR is the specified load in the s-direction
XZ is the specified displacement in the
n-direction

The angle 6 must always be input as a
negative angle and may range from ~0.001 to
—180 deg. Hence, + 1.0 deg is the tame as
—179.0 deg. The displacements of these nodal

points which are printed by the program are.

u, = displacement in the s-direction
u, = displacement in the n-direction

C. USE OF THE PLANE STRESS OP-
TION

A one punch in column 60 of the
control card indicates the body is a plane
stress structure of unit thickness. In the case
of plane stress analysis, the material property
cards are interpreted as follows:

Columns 11 — 20 Modulus of elasti-
city — £,
21 — 30 Poisson’s ratio - v
31 - 40 Modulus of elasti-
city - E,

The correspondir ¢ stress-strain relation-
ship used in the analysis is:

o, u v 0 €,
E"
. 1= s v 1 0 €,
T’l 0 0 .IJ_-V—z_ 7’1
2(pty)
where E,
“E,

D. OUTPUT DATA

The following information is developed
and printed by the program:

1. Reprint of input data
2. Nodal point displacements

3. Stresses at the center of each element
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4. An approximate fundamental fre- system. This serves as an excellent check on
quency. (The displacements for the the input data. In order to obtain the plot
given load condition are used as an from AGC's computer operation, an addi-
approximate mode shape in the cal- tional charge card must be submitted with the
culation of a frequency by Rayleigh's job. If only a plot cf the mesh is desired, the
procedure. A considerable amount of calculation of displacements and stresses may

,,-v
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engineering judgment must be used in be eliminated by specifying more pressure
. the interpretati: 1 of this frequency.) cards than actually exist. The first 30 columns
r of the identification card are used as a title
' . E. PLOT OF FINITE ELEMENT MESH for the plot.

The program automatically develops a
plot of the outline of each eclement in the
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Appendix D
ABSTRACT
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